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1. BEVEZETES

Az elektronspin-rezonancia (ESR) spektroszképia széles kSrben
alkalmazhatd paramdgneses anyagok (szabad gyokok, dtmenetifém— és
ritkaféldfém-vegyliletek) szerkezetének, molekuldris mozgdsainak és
dtalakuldsi folyamatainak tanulmdnyozdsdra. Kutatdsi tevékenységem
sordn - koztik kiilénb6z6 hazai és nemzetkdzi egylittmikdodésekben -
az ESR-spektroszkdpidnak ezt a lehetlségét kémiai, fizikai és orvos-
fizikai tudomdnyteriileten egyarant alkalmaztam. Eredményeimrdl a
kandiddtusi értekezés megirdsa dta 78 tudomdnyos kdzleményben szd-—
moltam be. A publikdcidk témakdre magdban foglalja szabad gydkdk
szerkezetének, mozgdsainak és kinetikai tulajdonsdgainak vizsgdlatdt;
katalitikus hatdsd, illetve bioldgiai jelent8ségl dtmenetifém—-vegyili-
letek koordindcidéjdra és kémiai k&tésére vonatkozd felismeréseket;
szdmitbégépes eljdrdsok kidolgozdsdt folyadék— és szildrd-fdzisban
detektdlhatd spektrumok feldolgozdsdra; polimerek fizikai-kémiai tu-
lajdonsdgait vizsgdld spinprdba és spinjelzéses médszerrel elért e-—
redményeket; valamint kdéros szdvetmintdk paramdgneses centrumainak
tanulmidnyozdsdt. A felsoroltak kdziil néhdny, szdmszerint nyolc pub-
likdcid legfontosabb megdllapitdsait haszndlom fel értekezésemben.

A kivdlasztdsndl mint legfontosabb szempont az vezetett, hogy az

ESR-spektroszkdpia szokdsos alkalmazdsait meghaladd, a spektroszké-
pia felhaszndldsi lehet8ségeit kiszélesitd, illetve annak elméleti
alapjait tisztdzd eredményeket ismertessek. Az értekezés témakdrei

kdzotti kapcsolatot a szimmetria elv hozza létre: térbeli szimmetri-



4k elméleti és kisérleti kérdéseivel foglalkozom négy fejezetben és
az id8beli szimmetria egy sajdtos megjelenését irom le az utolsdéban.
Az értékezés két fejezetében térgyalok elméleti kérdéseket. Az‘
Abragam és Pryce [1] dltal a spektrumok tdmdr leirdsdra bevezetett
spin-Hamilton formalizmus rendkiviil gyilimdlcsdzdnek bizonyult, mert
ez a spektrum leirdsdn kiviil lehetévé tette a spektrdlis adatok és
a paramdgneses molekula sok-elektronos és sok-magvi rendszerének mig-
neses térrel vald kélcsOnhatdsai kozdtti Osszefliggések tdrgyaldsit
is. A médszerb8l szerezhetd informdcidk meghatdrozdsdt azonban korld-
tozta, hogy kis—szimmetridjd rendszerekben nem volt ismeretes a spin-
Hamilton—operdtor sajdtértékegyenletének kielégitd, a szdmitdgépes
szimuldcidhoz elegendd pontossdgi megolddsa. Ezért Uj mddszert dolgoz-
tunk ki a probléma perturbdcids megolddsdra és elsdként adtunk meg mi-
sodrendl kdzelitéseket Osszetett és szimmetria megszoritdsokat nem tar-
talmazé rendszerekre. Azdta a vildg szdmos laboratdériumdban hasznil-
tdk fel szamitdgépes programokban az 4dltalunk kdzdlt megolddst és ev-—
vel a spektrumok nagypontossdgd szimuldcidjidt érték el.
Kis—szimmetridjd rendszerekben felvetdddtt a spin—-Hamilton for-
malizmus tObbértékliségének kérdése, nevezetesen az, hogy meghatdroz-
hatd-e kisérletileg a formalizmusban szerepld valamennyi paraméter. A
kérdéssel kapcsolatban egymdsnak ellentmondd megidllapitdsok jelentek
meg az irodalomban. Az invariancia-tulajdonsdgok tisztdzdsa érdekében
ij transzformdcids formalizmust vezettiink be és megdllapitottuk, hogy
mely paraméterek tekinthet8k valddi fizikai mennyiségnek szildrd és

folyadékfdzisban, tovabbd kapcsolatba hoztuk a spin-Hamilton-operédtor



tobbértékliségét a kvantummechanikai bizonytalansdgi elvvel.

A negyedik fejezetben egy kiildnleges tulajdonsdgi anyagrdl
szdmolok be, melyben nagyméretd aminosav molekuldk szabadon forog-
hatnak a kristdlyrdcsban. A folyadék és szildrd halmazdllapotra
jellemz8 spektrumok fdzisdtalakuldsszerld vdltozdsaibdl és az dtme-
net hiszterézisébdl lehet kévetkeztetni a Jahn-Tellern effektus &dltal
indukdlt molekuldris mozgdsokra. A kdvetkezd fejezetben ipari megbi-
zédsos kutatds ''melléktermékeként' sziiletett eredményekrsl szdmolok
be: az ESR-spektrum orientdcidfiiggésébdl kideriilt, hogy a mechani-
kai deformdcidk orientdljdk a polimer kompozitok tdltbanyagdt is.
Mivel t&8lt8anyagok rendezettségének mérésére spektroszkdpiai eljdrds
nem volt ismeretes, ezért szdmitdgépes médszert dolgoztunk ki a ren-
dezettség kvantitativ meghatdrozdsdra. Az utolsd fejezetben az ESR-
spektroszképia dj kinetikai alkalmazdsdra mutatok be példat: elss-—
ként figyeltiink meg oszcilldld szabad gydk koncentrdcidt fotokémiai
rendszerben.

Az irodalmi el8zményeket fejezetenként kiilén tdrgyalom, abban
a mélységbén, ami az eredmények Gjszerlségének demonstridlasidhoz
sziikséges. Kordbbi munkdim esetén kitérek az irodalmi reflexidkra
is. A mondanivald kifejtésénél a f8 ugrdpontok kifejtésére tbrekszem,
mig a részleteket illetlen a Filiggelékben mellékelt kdzleményekre

utalok.



2. A SPIN-HAMILTON-OPERATOR SAJATERTEK PROBLEMAJANAK PERTURBACIOS
MEGOLDASA PROJEKTOR VEKTOROK ALKALMAZASAVAL

2.1,

Paramidgneses anyagot kiils§ mdgneses térbe helyezve a rendszer
degenerdlt, vagy kozel degenerdlt alapdllapota felhasad, és a fel-
hasadt nivdék kdzdtt mikrohulldmi migneses sugdrzdssal atmeneteket
hozhatunk létre. Kdzel degeneridlt 4llapoton azt értjiik, ha migneses
tér nélkiil a nivék felhasaddsa Osszemérhetd a mdgneses kdlcsdnhatd-
sok nagysdgrendjével (1 cm_1). A migneses kblcsonhatasok tomdr le-
irdsdra a spin-Hamilton formalizmus egyetlen effektiv részecskével
helyettesiti a sok elektront tartalmazd paramdgneses molekuldt, ahol

a részecske effektiv spinjét a degenerdcid foka hatdrozza meg:
2S5+ 1 = degenerdcidé foka . (2-1)

Az igy definidlt § spin-operdtor felhaszndldsdval irhatjuk
fel a spin-Hamilton-operdtort, melynek sajdtérték egyenletét megold-
va kapjuk az ESR-spektrum leirdsdhoz sziikséges energia értékeket és
dtmeneti valdszinlségeket:

> A > A > A > > A >
H=yS.gb+5.08+1T.085+1.PT, (2-2)

ahol az egyes tagok a részecskének a B mégneses térrel vald Zeeman-—
k8lcsbnhatdsdat, a mdgneses tér nélkiili alapdllapot felhasaddsét

jellemz8 zérustér—effektust, az I spind maggal vald hiperfinom-k&l-
csdnhatdst és ennek a magnak a kvadrupolus-kdlcsdnhatdsat irjdk le.

2,

. p P . A A L.
Altaldnos esetben a € és A mitrixokat kilenc, a D és P matrixokat



ot kiilonb6z8 valds matrixelem adja meg (az utdbbi kettd nulla dia-
gondlis Osszegl szimmetrikus matrix, azaz tenzor), és U jelsli a
Bohr-magnetont. Ha a Zeeman-kSlcsdnhatds nagy a t&bbihez képest,
akkor a sajéatérték egyenlet megoldhaté perturbdcidszdmitdssal. Az
els8rendld kifejezéseket Bleaney [2] adta meg, ami azonban a spekt-—
rumok-pontosabb szdmitdgépes szimuldciéjdhoz nem elegendd. Dolgo-
zatunk megjelenéséig [A1,A2] ttbben kozdltek midsodrendd kifejezé-
seket [3-10], de valamennyi esetben kiilénbdz8 megszoritdsokat tet—
tek a kdlcsdnhatdsi matrixok szimmetridjdra. A megoldds sordn
Fuler-mdtrixokkal leirt koordindta-transzformidcidkat alkalmaztak,
ami a szdmitdsokat nehézkessé, a formuldkat hosszadalmasakkd tette.
A kdvetkezdkben bemutatom, azt az dltalunk kifejlesztett mddszert,
ahol az Euler-mdtrixok helyett projektor vektorokat alkalmazunk és

nem tesziink megszoritdsokat a rendszer szimmetridjdra vonatkozdlag.

2.2.

A (2-2) spin-Hamilton-operdtor sajdtérték probléma megoldasd-
ndl el8szdr a tdbbi taghoz képest nagy Zeeman—-kdlcsdnhatdssal fog-

lalkozunk:
2> A >
l[o = pBS.g.b Ba (2-3)

. 2’ » ’ pe ’ + 7 . P ” re
ahol BO a sztatikus tér abszoldatértéke és b a tér irdnyd egységvek-—

tor. A diagonalizdcidt dgy végezziik el, hogy a laboratdériumi x,y,z

koordindtarendszerrd8l attériink az X 5Y 52 koordindtarendszerre,

1



ahol z, parhuzamcs a g.% irdnnyal és igy (2-3)-ban S-nek csak az

SZ komponense szerepel. A koordindtatranszformacid az ﬁ(a,B,y)
1 .

valdés ortogondlis Euler-mdtrixszal irhatdé le [11]. Mivel az 4j
rendszernek csak a z, irdnya (kvantdldsi tengely) rdgzitett, igy

az Euler-transzformdcid sem teljesen meghatdrozott (csak két Euler-
sz8g ismert). Ezen a felismerésen alapul az dltalunk bevezetett el-
jdréds, ahol a mdtrix hdrom sordt, mint hdrom ortogondlis egység-
vektort tekintjik, ami tetszdleges z(vx,vy,VQ) vektofbél skalaris

szorzatok képzésével meghatdrozza az X152 irdnyd komponenseket:

1

&0 = v, (2-4)

>
ahol i=1,2,3 rendre az x,y,z komponenseknek felel meg. Az Ri pro-

jektor vektorok koziil csak a g.% irdnyd §3 meghatdrozott:
- > x
R, = £.b/b vagy R, = g.g/g (2-5)

3
attél fiiggben, hogy a vektort oszlop, vagy sor formdban irjuk fel

és a tilde 7 jeldli a matrixtranszpondldst. Itt a g normalizdcids

> > .

konstans (R3°R3) = 1| miatt:
2 > % A > .

g = (b.£.8.b). (2-6)
Az §1 és §2 projektorokrél csak annyit tudunk, hogy ortogondlisak
R -t a

-ra, azaz:

3 b

-> > >

R, xR, =R, (2-7)

Végezzik el HO ij koordindtarendszerbe valé transzformdcid-

jat:



0 - ->°:" ?\.A'_*: &> > > ATy _
oy HyB, (8 B [®R.8.%) 1By (8. %) (R;.2.5) guBBOsz1’ (2-8)

ahol a sajéffﬁggvények az SZ operdtoréval megegyeznek, a sajdt-
1
érték pedig:

= gu.B M_. -
Eg = 8B (2-9)
Tekintslik perturbidcidénak a spin-Hamilton—operdtor tObbi tag-

jat és vizsgdljuk a hiperfinom—kdlcsdnhatdst! A tdbbi tagra vonat-

kozé szdmitdsok a Flggelék A2-szdmd publikdcidjdban vannak megadva.

A H1==f.3.§ operdtor diagonalizdldsdt az |MS>|MI> szorzat fliggvény-

térben lehet elvégezni. Figyelembe vessziik, hogy az elsdrendd per-

turbdcidszdmitdsban csak az azonos MS—hez tartozé diagondlis ele-

mek lépnek fel és bevezet]jik az X 5Y 402 rendszert, ahol SX és S

! 1 74
diagondlis matrixelemei eltiinnek:
) > R oA > A >
(M) = < | (T.AR) (R.8) [M> = (I.A.R3)<MS|SZ11MS>
= (Mg/g) d.2.8.9) (2-10)

A (2-10) operdtor magspin térben vald diagonalizdcidjat cél-

szerd az XysY4s2, koordindtarendszerben elvégezni, ahol z, parhu-
A b .
zamos az A.£.b vektorral, amiért I és I egytlitthatdéja nulla. A

% 79

N
transzformdcid R' Euler-mitrixdnak soraibdl ismét képezziink projek-

- T . . .l
torokat (RY, R., R.), melyek koziil csak a harmadik definidlt:

2’ 73
ﬁg = K.g.g/Ag vagy ﬁg = g.é.ﬁ/Ag R (2-11)
ahol a normalizdcids feltételbdl:
a%e? - 3.3.8.8.5.%) . (2-12)



>, >
A szabadon hagyott R’ és R

i E projektorokra az ortogonalitdsi felté-

tel vonatkozik:
Ii'1 < E'z = ?{'3 ) (2-13)

Ebben a koordindtarendszerben a perturbdcid:

. A "
Ho(M) = (M /g) TR (R .AL.D) = (1 /g)T (R,.A.8.8) =AM I (2-14)
1°7°S S S z, 3 S z,
Ekkor a sajatfiiggvények a z, kvantdliasi tengelyre vonatkozd lMI>
fliggvények lesznek, a perturbdlt sajitérték pedig:
E, = AMM_ . (2-15)

Térjlink 4t a mdsodrendd perturbdcids kifejezések meghatdrozéd-

sara [12]:

] 1 2
.. ) |ty |8, g M > | (2-16)

A hiperfinom-operdtort a két Euler-transzformidcid kombindlédsival
’, - ” + rd + rd rd e 2 7 P
irjuk fel dgy, hogy az S és I operdtorok egyardnt a sajat kvantdla-

si tengelyeikre vonatkozzanak:

1.8 = d.RH®R .ADRD. (2-17)

Mivel a (2-16) kifejezésben a nem-diagondlis elemeket is figyelem-—
P P i - S T . .
be kell venni, igy fellépnek az R1,R2 és RH,RE projektorok is. A

szédmitdsok tOmbéritése érdekében az x és y komponensekrdl térjiink

4t a komplex reprezenticidra:

— + . - + _
v v 1vy illetve yi v, iv, (2-18)



és alkalmazzuk a J, impulzusmomentum-operdtorra vonatkozé reldcid-

kat (itt J akdr S, akdr I lehet):

I Mp> = (J(J+1)-MJ(MJ * 1))1/2|MJ s, (2-19)

Ekkor a mdsodrendd korrekcid:

_ ' -1 > oA > 2 2 > a2 2 > AT 2 _ 2
E, = (81,8B() [41R'3.A.R+[ MM+ ([R,.AR, [T+ [RUAR [ TOM(I(T+) M)
()R AR P R AR A s(s+1) - )| (2-20)
(|E AR, ‘AR, . s)j .

A szidmitdsok eredménye nem fiigghet attdl, hogy az Euler—transz-
formdcidé szabadon hagyott szdgét, és igy az §1, KZ ill. EH, ﬁé pro-
jektorokat hogyan vdlasztjuk meg. Ezért (2-20)-ban csak olyan kifeje-
zések jelennek meg, melyekbd8l a (2-7) és (2-13) ortogonalitdsi Ossze-
fliggések segitségével a nem definidlt projektorok kikiisz&b&lhetdk.

Ennek illusztrdldsadra vizsgdljuk meg a kifejtés sordn kapott egyik

tagot:

® AR ®LAR) - @A) ®RAR) (2-21)
Az 4talakitds sordn haszndljuk fel a vektoralgebrdbdél ismert Lag-
range-kifejtést [13]:

GEB) (D - @.DE.D = @x . bxd) (2-22)

> > > > > > , . .
és hogy az a.bxc hidrmasszorzat az a,b,c vektorokbdl mint sorokbél

felépiild miatrix determindnsa:

(KH xi'z. B xR

>

(2-23)

V%) = pet(B)/a .

Det (R) (E'?).:AZ“ R.xR.) = Det(R) (i{*'g.z’i" ,
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A t8bbi tagot is vektoralgebrai mddszerekkel dtalakitva [A2] kap-

juk a misodfokd perturbdcidt::

B, = (4u,gB) " [z(Af—AZ)M w2+ (AR - Af)MS(I(IH) )

S

N HDN

- 2(Det(R) /MM (8(8+1) - M1, (2-24)

ahol X(ﬁ) az M matrix diagondlis Osszegét (karakterét) jeldld szim—
bélum, és A1 definicidja:

ngzAf = (%.8.8.%.

o2

>3

R.8.7) . (2-25)

Osszevetve (2-24)—-et az irodalomban kdzd1lt [3-10,14,15] hosszadal-
mas kifejezésekkel, figyelemre méltdé az dltalunk felirt kifejezés
matematikal tombrsége, ami kiilondsen szdmitdgépes programozids so-—
rdn eldnyds. Formuldink tOmSrsége annak kdszdnhetd, hogy a (2-23)
tipusd dtalakitdsok az x,y,z-tengelyek permutdcidéival szemben in-
varidns kifejezéseket eredményeznek, mig az Euler-mdtrixokkal ope-
rald szdmitdsokban az egyes tagok nem rendelkeznek evvel a szimmet-
ria tulajdonsidggal.

A fent ismertetett technikdval lehet szdrmaztatni a zérustér
és kvadrupolus tag perturbdcids jarulékait [A2]. A spektrum megha-
tdrozdsdhoz sziikséges még a radiofrekvencids tér dltal indukdlt re-
zonanciadtmenetek dtmenetivaldszinlisége is. A fentiekben ismerte-
tett projektor vektoros médszerrel ez is elvégezhetd a £6- és til-
tott—-atmenetekre egyardnt [A2]. Mivel ezek a szdmitdsok elvi szem-
pontbdl mdr nem tartalmaznak djat, ezért a részletekkel kapcsolat-

ban a Fliggelék A2 publikdcidjira utalok.



2.3.
Ot hdnappal a részletes szdmitdsokat bemutatd publikidcidnk
[A2] megjelenése utdn keriilt kdzlésre Iwasak{ munkdja [16], aki a
miénkkel azonos formalizmussal oldotta meg a sajidtérték problémit.
A médszert télink fliggetleniil dolgozta ki, hiszen kézleményét még
részietes publikdcidnk megjelenése eldtt adta le, bar eldzetes kdz-—
leményiinket [A1], ahol a szdmitdsok eredménye a médszer kdzlése nél-
kiil van megadva, ismerte és hivatkozott is rd. Kdzleményilinkre megje-
lenése éta tdbben is hivatkoztak [16-38], melyek k&ziil Wedll [17]
publikdcidjat emelném ki, aki rdmutatott az eldzetes kdzleménylink-
ben 1év8 [A1] nem kdvetkezetes el8jel haszndlatra és a spin—Hamil-
ton-operdtort dj kOlcsdnhatdsi tagokkal bdvitette ki. A hivatkoza-
sok jelent8s részében arra utalnak, hogy az dltalunk k&zdlt formu-
ldkat szdmitdgépes programok irdsdndl haszndltdk fel és a szimula-

cids eljdrdssal jél tudtdk reprodukdlni a kisérleti spektrumokat.

2.4,

Zeeman—, zérustér-, hiperfinom— és mag-kvandrupolus—k&lcsdn-
hatdsokbdél 4116 spin-Hamilton-operdtor sajdtérték problémdjdnak
perturbdcids megolddsdra az Euler-mdtrixokra épiilé koordindta-
transzformdcié helyett projektor vektorok alkalmazdsdval Gj szdmi-
tdsi moédszert vezettiink be. Els8ként adtunk meg mdsodrendd pertur-
bdciés kifejezéseket az energidra, valamint a megengedett és til-
tott Atmenetekre olyan rendszerekben, ahol a kdlcsdnhatdsi mdtrixok

nem szimmetrikusok.
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3. A SPIN-HAMILTON-OPERATOR TOBBERTEK(SEGE ES A KVANTUM-
MECHANIKAT BIZONYTALANSAGI ELV

3.1.

Amig az el6z8 részben a spin-Hamilton-operdtor sajatérték
problémdjdnak megolddsdval foglalkoztunk, most arra a kérdésre ke-
ressﬁk a vdlaszt, hogy a formalizmusban szerepld paraméterek meny-
nyiben tekinthet8k fizikailag mérhetd mennyiségeknek. Ha a forma-
lizmus bizonyos paramétereinek nagysdga vagy el8jele nem mérhetd,
beszéliink tdbbértékiliségr8l. A tobbértékliség oka az effektiv spin
definicidéjdban keresendd, melyet az alapdllapot degenerdcidjdval
definidltunk. Formailag tekintve a spin-Hamilton—operdtor a migne-
ses tér vektorbdl, az elektron— és mag-spin vektoroperdtorokbdl
felépiild bilinedris kifejezés, ahol a 8, D, &, P és §N egyiitthaté
miatrixok jellemzik az elektron-Zeeman, a zérustér, a mag—hiperfi-

nom, a mag—kvanrupolus és a mag-Zeeman k8lcsdnhatdsokat:

~

H = uB§.§.§ +8.0.8 +T.A8 +T.P.T - UNI.gN,ﬁ . (3-1)

Itt az el8z8 fejezethez képest é mag—-Zeeman k6lcsdnhatds az egyet—
len 4j kifejezés és My jeldli a mag-magnetont. A paramdgneses mo-—
lekula lokdlis szimmetridja hatdrozza meg az egyes kdlcsdnhatdsi
mitrixok felépitését, amit Kneub(hf [39,40] csoportelméleti eszkd-—
zbkkel vizsgdlt. Kimutatta, hogy a legkisebb triklin szimmetria
esetén, ahol sem forgdsi, sem tiikrdzési szimmetria nincs a §, A

és QN métrixok aszimmetrikusak, azaz gij¢ gji’ Aij#AAji és

gy # By Ugyanakkor egykristdlyok ESR-spektrumdban a vonalak
i] ji



helye és intenzitdsa csupa szimmetrikus kifejezéssel adhatd meg
(lasd pl. az el8z8 fejezetben g és A definicidjdt, ami megadhatd

,

é.g és X.K mdtrix-szorzatok segitségével is). Mdsszdval nincs le-
het8ség annak eldontésére, hogy a & és A matrixok szimmetrikusok,
vagy aszimmetrikusok—e. Ez a spin-Hamilton-operdtor t&bbértékisé-
gének-egyik formdja. A tbbbértéklség misik formdja a tenzorok £8-
értékeinek el8jelével kapecsolatos (itt az irodalombgn szokdasos
gyakorlatnak megfelel8en a nem—zérus karakterd szimmetrikus mdt-—
rixokat nevezziik tenzornak.) Amig a hdrom f8érték szorzatdnak elé~
jele cirkuldrisan polarizdlt ridiofrekvencids tér alkalmazdsdval
meghatdrezhatd [41,42], a relativ el8jelek megvédlasztdsa mir On-—
kényes [43].

McConnel [44] és Kivelson [45] mutattak rd el8szdr, hogy az
el8jel bizonytalansdg feloldhatd szildrd és folyadék halmazdllapot-
ban felvett spektrumok Osszevetésével: ez a folyadék spektrumbdl
mérhet8 dtlagos f£4érték és a sztatikus molekuldkndl mért f£3értékek
kiilénb6z8 eldjel vdlasztdssal képzett dtlagdnak Osszevetésén alapul.
A médszer helyességét azonban kétségbevonta Foglio [46,47], aki sze-
rint izotrop forgdsokat végzd molekuldk esetén esak a f8értékek ab-
szolitértékeinek dtlaga hatdrozhaté meg. Mds oldalrél Belford és
Pilbrow arra mutatott rd [48], hogy lokdlis monoklin szimmetria ese-
tén a folyadék spektrumban mért dtlagos hiperfinom csatoldsi dllan-
d6é Osszevetése a szildrd fdzisd adatokkal, még a matrix—aszimmetria

meghatdrozdsdra is felhaszndlhatS. Egyéb szerzdk cirkuldrisan pola-

rizalt sugdrzds alkalmazdsat [39], zérustér és erds mdgneses térben



felvett spektrumok 8sszehasonlitdsdt [40], az ENDOR médszert [49],
illetve oszcilldld elektromos tér felhaszndldsit [50] javasoltdk
a kblcsdnhatdsi mdtrixok aszimmetridjdnak meghatdrozdsira.

A kovetkezbkben azt vizsgdljuk, hogy a kiilénb6z8 halmazilla-
potokban felvett spektrumokbdl a spin—-Hamilton formalizmus milyen
paramétereit hatdrozhatjuk meg; az effektiv spin-operdtor bazis-
fiiggvényeinek (spinor bdzis) alkalmas vdlasztdsdval hogyan értel-
mezhetjik a tobbértékilséget, majd az ebbdl levonhatéd kdvetkezteté-—
sek alapjan kritikailag elemezziik az irodalomban a tdbbértékiségi
problémdban kifejtett kiilonbdz8 elgondoldsokat. A szildrd és folya-
dékfdzisban nyerhetd valamennyi spektroszképiai informdcid Gsszeve-
tése alapjdn médszert javasolunk a spin-Hamilton formalizmus vala-
mennyi lehetséges paraméterének egyértelm(l meghatirozdsdra. Végil
kapcsolatot keresiink a spin-Hamilton férmalizmus tobbértéklisége és

a kvantummechanikai bizonytalansdgi elv kozdtt.

3.2,

A (3-1) spin-Hamilton-operdtorban szerepld kdlcsdnhatdsi
matrixok alakja a 2S+1 illetve 2I+1 dimenzids spinor reprezentdcid
vdlasztdsatdl figg. Szokdsos médon induljunk ki az impulzusmomentum
operdtor standard reprezentdciéjdbdl [51], mely szerint S=1/2 eset—
ben SX, Sy és SZ a Pauli-mdtrixok 1/2-ed szeresei. A sajidtérték
probléma megolddsa természetesen nem filigghet a spinor reprezentdcid—
tél, ezért ha mds reprezentdcidra tériink 4t egy tetszlleges US il-

letve UI unitér-transzformdcidéval, akkor a Hamilton-operdtor inva-

ridns marad:
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v ' = n o' 23 + vl .budul! v dul Ry vl
= Hplgolg 8- g°Vg -P-Ug?lg 11 "HYg%Y
> =1 A > =1 > =1 A = _
+ufu; Pl - o ful g B . (3-2)

v

Tekintve, hogy az S és f operdtorok egyidttal vektorok is,

az U, és U_ unitér—transzformdcidk leképezhetdk a vektorokat

S 1
transzformdld ﬁS és ﬁI Euler-mdtrixokkal [52]:
v S = 5.8, illet vt - 1.8 (3-3)
gl T ®rhg thietve  BpABp T 4 Rre

Ekkor a Hamilton-operdtor a kovetkezd alakba megy 4&t:

v > A oA > A A A > > A A X >
H' = 1,S.R..8.8 + S.R;.D.R..S + T.R;.A.RS.S
> A A A > =+ n
+ IR PRI uNI.ﬁl.gN.B , (3-4)

ami a spektrum leirdsa szempontjdbdl ekvivalens a kiinduldsi (3-1)

operatorral.

Vizsgdljuk meg, hogy a szabadon vdlaszthaté ﬁS és ﬁI transz-

formdcidk segitségével hogyan médosithatjuk a kdlcsbnhatdsi mit-
rixokat. A mitrixok poldris felbontdsi szabilya [53] értelmében

mindig taldlhatd olyan valds ortogondlis mdtrix, amivel a tetsz8le-

A

ges M mdtrixot szorozva szimmetrikus mdtrixot kapunk:

AN A' /\,
= R.M_ = M_.R' (3-5)

=

A, A . . . . . L. . , .
ahol MS és M; szemidefinit szimmetrikus matrixok. Nemszinguldris

N

M mitrixok esetén a felbontds egyértelmli és megadhatd explicit alak-
ban a pozitiv definit szimmetrikus mdtrixokra értelmezett négyzet—
gybkvondsi mivelet [53] segitségével:

6 - &.m'/?

s (3-6)
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- dni'? o adne

=y

(3-7)

* 7, A e Fal P o L
Az unitér transzformicidkkal homomorf RS és RI matrixok csoportja-
)

ban Det(ﬁ Det(ﬁl) = 1, ezért akkor taldlunk a csoport elemei

S

2

N - s, e e s P .,A ~ , -
kdzétt § és A (3-7) szimmetrizdcidjit végrehajté R és R, mitrixo-

> >

kat, ha Det(g) és Det(g) is pozitiv. Ha (3-4)-ben ﬁS‘és RI—it igy

valasztjuk, akkor a kdvetkezd pozitiv definit szimmetrikus mit-

rixokat kapjuk:

g = G2 illewe & - ADYZ (3-8)
Itt megjegyezziik, a transzformdcid dgy is vdlaszthatd, hogy
AA: Ad\ , . . P
RI.A.RS az A.§ mitrix—szorzatot szimmetrizdlja [A3].

De bevezethetjiik (3-4)-ben az
o) P R o) A NN
= R . 2 = .' —
Rq . R2 és RI RA R2 (3-9)

A L
transzformdecidkat is, ahol R, és R!

o)
a szimmetrikus § és A mat-
2 2 s s

rixok f8tengely irdnyai kdrili 180°-0s forgast jeldl. Ez esetben

~ , ~ ~n . . . . 4 . e e 2 . P
Rs.g és RI.A szintén szimmetrikus, de mdr indefinit mdtrix lesz és

a f8értékek relativ elbjele megvidltozik. Minthogy azonban ﬁS és ﬁl
valés ortogondlis transzformdcid Det(f) és Det(K) eléjele nem vil-
toztathatd meg.

Abban az esetben, ha Det(g) és Det (A) negativ, nem adhatd meg
(3-7)-nek eleget tevl valds ortogondlis mdtrix, de a szimmetrizdcid

elvégezhetld az

fa oN , s _ ey _
Rg = Rg.T és R; = ﬁA.T (3-10)



midtrixokkal, ahol T az inverzidt reprezentdld matrix. Ekkor termé-
szetesen a s;immetrizécié negativ definit mdtrixokat hoz 1létre.
Egyébként a relativ elbjelekre a fentiekben mondottak ekkor is ér-
vényesek.

A spinor bazisok szabad vdlasztdsdbdél tehdt az kdvetkezik,
hogy é spin-Hamilton—-operdtor sajdtérték problémdjanak megoldisa
- és igy a spektrumokbdl levonhatd informdcid - csak a szimmetri-

s

zalt gs és KS midtrixokra ad felvildgositdst és nem mérhetd a féér-
tékek relativ el8jele sem. Meghatdrozhatd azonban Det(g) és Det (A)
értéke és igy annak eldjele is. EbbSl az dltaldnos megdllapitdsbdl
kovetkezik, hogy a perturbdcid szdmitdssal nyert energia értékek és
dtmenetivaldszinliségek is felirhatdk a §S és Ks mdtrixokkal, vala-
mint a Det(§) és Det(R) matrix invaridnsokkal. Az A3 k6zleményben

- konkrétan bemutattuk, hogy ez az 4dtirds valdban el is végezhetd.

A fenti eredmények lehetlvé teszik az irodalomban kdzdlt né-
hdny ellentmonddé k&vetkeztetés ellendrzését. Nem fogadhatd el Kneu-
biiht felvetése [39], hogy cirkuldrisan polarizdlt radidfrekvencids
térrel indukdlt &4tmenetek esetén a £ miatrix aszimmetridja meghaté-
rozhatd. Ezt cidfolandd konkréten is kiszdmitottuk a 33 irdnyban ter-
jed8 cirkuldrisan polarizdlt sugdrzds dltal indukdlt rezonancia-at-
menet valdszinlségét az eldz8 fejezetben ismertetett médszer sze-

rint [A3]:

LV (S(s+1>-M<M+1)>[X<§.g>—<€3.§.g.§.g.33>/g2iZDet@/g]_ (3-11)

. . p . . . _— 2 L ALy
Mint lathatdé, valdban csak a szimmetrikus gs matrix (§S es @S) és



Det(g) kifejezései szerepelnek, vagyis az aszimmetridra nem kdvet-
keztethetiink. Ugyanakkor (3-11)-ben a * eldjel vdlasztds a polari-
zdcid forgdsi irdnyatdl filigg, tehdt Det(E) elbjele meghatdrozhatéd
bsszhangban Pryce [41] és Bleaney [42] kbvetkeztetésével.

A spin—Hamilton-operdtorban feltiintettik a D zérustér- és P
kvandrupo1us—k61csénhatésokat is. E két tag szdmdra az unitér transz-
formdcidé szabad megvilasztdsa (3-4) szerint szemléletes kovetkezmé-
nyekkel jdr: a tenzorok az euklideszi térben szabadon elforgahatdk,
vagyis a fdtengely-irdnyok nem mérhetd mennyiségek és csak a tenzo-
rok forgds—invaridnsai hatdrozhatdk meg. A formalizmusnak ezt a
tobbértéklségét mi ismertiik fel [A3]. Ennek a tobbértékiségnek a
fel nem ismerése miatt javasolta Kneublhf [40], hogy a nulla migne-
ses térben meghatdrozott D tenzor és erds midgneses térben mért

fad ~ 4 ’ ’ ’ ’ ’, ’, ’ . .
.D.§ és £.£ mennyiségek mérésével hatdrozzdk meg a £ mitrix aszim-

1)) 2

metridjat. Kneublhl kévetkeztetéseinek konkrét megcdfoldsa érdekében
felirtuk az S=1 esetre vonatkozd szekuldris egyenletet és a varako-
zdssal Osszhangban azt kaptuk, hogy az egyiitthatdk kifejezhetdk a
QS mitrix és a D tenzor forgds—invaridnsaival [A3]. Szintén kimutat-
tuk, hogy a nulla térben megfigyelhetd rezonancia-dtmenetek intenzi-
tdsa nem ad a valddi S tenzor (tehdt a standard reprezentdcidban ér-
telmezett tenzor) féirdnyaira felvildgositdst [A3].

A (3-1) operdtor 4dltaldnos esetben hidrom aszimmetrikus mitrixot
(g, R és gN) tartalmaz, viszont a mitrixok szimmetrizdldsdra csak két

szabadon vdlaszthatd unitér transzformicid (U, és UI) 411 rendelkezés—

S

re. Ez azt jelenti, hogy egyidej(ileg nem lehet mind a hdrom mitrixot



szimmetrizdlni. Ha példdul U_—et és UI—it dgy védlasztjuk, hogy &

S

és @N legyen szimmetrikus, akkor ebben a bdzisban A mir nem lesz
az. Ez az elvi alapja az Abragam és Pryce &ltal javasolt ENDOR mé-
réseknek [49], melyben a mag-Zeeman— és a hiperfinom—kdlcsdnhatas
pontos mérése teszi lehet8vé az aszimmetria meghatdrozdsat. Bar ez
a médszer aszimmetria meghatdrozdsdra tényleg alkalmazhatd, az mar
nem dénthetd el, hogy az aszimmetria valéjdban a £, az X, vagy a
gN matrix; illetélegbazok valamilyen kombindcidjatdl szarmazik-e.
Eddigi meggondoldsaink sztatikus rendszerekre vonatkoztak,
ahol a paramdgneses molekuldk orientdcidja nem vdltozik a migneses
tér irdnydhoz képest. Ekkor elegendd a rendszer dllapotdt leird
Schrddinger—egyenlet helyett az energia operdtor sajdtérték egyen-
letét megoldani. Ez a kdzelités mdr nem alkalmazhatd dinamikus
rendszerekben, ahol a molekuldk orientdcidja az id4 fiiggvényében
véletlenszerlien vdltozik. Folyadékfdzisi mérések értelmezésére vo-
natkozé meggondoldsainkat a Bosn-Oppenheimer kdzelitésre korldtoz-—
zuk, melyben a molekuldris mozgdsok nem perturbdljdk az elektronok
dllapotfiiggvényét. A spin-Hamilton formalizmusban ez azt jelenti,
hogy a folyadékfdzisban is ugyanavval a § és A matrixszal szdmolunk,
mint a szildrd fédzisban. Hagyjuk most figyelmen kivil a spin-Hamil-
ton—-operdtor tovdbbi tagjait. A laboratdédriumi koordindtarendszerben
dgy irjuk le a forgdsok hatdsdt, hogy a molekuldris rendszerben de-

. « s ~ e . . . ” e ’, , "
finidlt § és A mdtrixokat a stochasztikus id&fliggést mutatd R(t)

Euler-mdtrixokkal transzformdljuk:
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1

Il

g (1) = R(e).8.R(e)~ (3-12)

1

A () = R().A.R(e) ' . (3-13)

Ekkor a laboratériumi rendszerben felirt Schrddinger-egyenlet:
> > >
ih(3¥/3t) = (8" .8 (0).B" + T'. A (0).§" . (3-14)
A szimmetrizdldshoz bevezetett U, és U_ transzformidcidk id8figgd-

S I

~
ek lesznek, hiszen (3-7)-szerint a homomorf ﬁg és R, az 1dd8tél fiig-

A
g8 &' (t) és A (t) matrixokbdl éptil fel. Ez akkor is igaz, ha a

szimmetrizdldst a molekuldris rendszerben hajtjuk végre:

> A, > AN
H = UBS.R & .B + I.RA.A

>
o 8 .S (3-15)

b

s''g

és utdna tériink 4t a laboratdriumi rendszerre:

_ > A A A s -1 > ->' ~ A A A A -1 e
H = uBS .R(t).Rg.gS.R(t) B' + 1 .R(t).RA.AS.Rg.R(t) .S
_ et o A 31 M, NI i 1) _
= “Bs Rg(t).gs(t).B + 1 .RA(t).As(t).Rg(t).S s (3-16)
ahol
R (¢) = R(e).R .R)™! (3-17)
g g
és
A, _ N A A -1 _
RA(t) = R(t).RA.R(t) (3-18)

A (3-17) és (3-18) Euler—-mitrixok és a veliik homomorf US és UI

transzformdcidk csak akkor id8tdl fiiggetlenek, ha ﬁg és ﬁA kommu-~

' A
tdl valamennyi lehetséges R(t)-vel, ami csak konstans mdtrixok

pd z .o ’ rd ’ "N ’, . - .
esetén lehetséges, kovetkezésképp, £ és A mitrix szimmetrikus.



- 21 -

Vizsgdljuk most a Schrddinger-egyenlet transzformdcidjit az

id8filiggd U(t) szimmetrizdld unitér transzformdcid mellett:
ih(ay' /3e) = (8 .8 (e F + TR (0.8

1

- ih(3u(t) /ot)u(t) HY' . (3-19)

Az éllépotegyenletben fellépd U(t)—-ét explicit formdban tartalma-—
z6 4j tag nem teszi lehet&vé, hogy kikiiszobdljiik a kdlcsonhatdsi
mitrixok aszimmetridjdt. Ez elvben lehetdséget nydjt arra, hogy a
folyadékfdzisban mért spektrumbdl informdcidt szerezziink a magne-
ses k8lcsbnhatdsok aszimmetridjdra is.

A molekuldris mozgdsok hatdsa akkor detektdlhaté a spektrum-—
ban, amikor a mozgdsok frekvencidja Osszemérhetd a mdgneses kdlcsdn-—
hatdsok frekvencia egységekben megadott anizotropidjdval [54]. Ez
voltaképpen az dllapotok élettartama és az energiamérés pontossdgi-
ra vonatkozd bizonytalansdgi reldcid spektroszkdépiai megfogalmazdsa.

Mivel a Zeeman— és hiperfinom-k&lcsOnhatdsok nagysdgrendje 106--109

s ! kdril van, igy oldatokban, ahol a molekuldris forgdsok korreld-

10--1012 s_1, a molekula nem tartdzkodik elég hosszud

cids ideje 10
ideig egy orientdcidban ahhoz, hogy az anizotrop kdlcsdnhatds mérhe-
t8 legyen. Ezért beszéliink az ESR-spektroszkdpidban arrdél, hogy fo-
lyadékfdzisban az anizotrop kdlcs®nhatdsok kidtlagolddnak.
Vizsgdljunk olyan folyadékokat, ahol a molekuldk rotdcids
diffdzidja gyors az anizotrop midgneses kdlcsdnhatdsokhoz képest és

pand

a mozgds izotrop. Bontsuk fel az energia—operdtort egy id&ét8l fiig-

I

getlen HO és egy id84tlagban elt(nd H1(t) tagra:
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H = HO + H1(t) (3-20)

ahol tehdt H1(t) = 0. A spin-Hamilton-operdtor kdlcsdnhatdsi mdt-
rixainak szimmetrizdcidja utdn mdr nem végezhetd el ez a felbon-
’ . ! A , g , b ,
tds, hiszen (3-16)-ban Rg és RA nem kommutdl R(t)-vel. Ezért az
A
aszimmetrikus £ és A mdtrixokat bontjuk fel olyan &sszetevdkre,
melyek a forgdssal szemben invaridnsak (konstans mitrix), illetve

vektorként (antiszimmetrikus mdtrix) vagy mdsodrendd tenzorként

(zérus diagondlis Osszegl szimmetrikus mdtrix) transzformdlddnak:

A - 4+ +2 . NN o~ N . _
g =8 *E,*E, és A AC4-AV4-At (3-21)

Mivel a felbontdsban nullidtdl kiilénbdz8 karakterrel csak @c és
Kc rendelkezik, igy:
A A . N “~
X(8) = x(8) és X&) = x4 , (3-22)
ahonnan az anizotrop g—faktor és hiperfinom csatoldsi 4llandé de-
finicidja:
gy = 1/3(gXX+ 8yy + gzz) és A= 1?/"3§‘AXX + Ayy + Azz) . (3-23)

A (3-21) fenbontds alapjédn

> > > >
Hy = upgyS-B + AJL.S (3-24)
és
>
H1(t) = sz.’g‘v.§+uB_S>.§t.§+f.KV.§+f.Kt.§ > (3-25)

ahol a vektorok és tenzorok forgdssal szembeni tulajdonsdgaibdl ko-
vetkezik, hogy H1(t) idé4tlaga eltlnik.

Izotrop folyadékok spektrumdbdl tehit &g és AO hatdrozhatd
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meg, ami nem azonos a szildrd fdzisd spektrumbdl mért féértékek at-

,

P A N . A A . LA .e
lagdval ha g és A nem tenzorok, hiszen X(Rg.g)_es X(RA.A) fligg az
R

g

adatainak a szildrd fé4zisban mért adatokkal vald Osszevetése felvi-

és ﬁA médtrixoktdl is. EbbJl kovetkezik, hogy a folyadék spektrum

l4dgositdst adhat a kélcsdnhatdsok aszimmetridjdra. Ez a megdllapi-
t4s Osszhangban van Belford és Pilbrow [48] kdvetkeztetéseivel.
Ugyancsak a fentiek folyomdnya, hogy ha a f8értékek elljele eltérd,

akkor ez tiikroz8dik a folyadékfdzisban mért g és A nagysdgdban is.

0
Ez a megdllapitds McComnel [44] és Kivelson [45] kdvetkeztetédseit
tdmasztja ald és cdfolja Foglio [46,47] konkldzidit, aki szerint a
folyadékfdzisban mért dtlagérték mindig a f&értékek abszolitértékei-
nek 4tlaga. Foglio arra alapozza szdmitdsdt, hogy a spinor bdzis de-
finidlatlansdga miatt mindig bevezethetd egy olyan 180°-0s forgatés,
ami az el8jeleket pozitivvd teszi és a folyadékok kidtlagold hatdsa
ilyen koriilmények kozdtt irhaté le. Ervelése tdbbek kozdtt [A3] azért
hibds, mert az dltala alkalmazott forgatdsok nem kommutdlnak a mole-
kuldris forgdsokat leiré ﬁ(t) transzformdcidéval, amiért a megfeleld
unitér transzformdcié id8fiiggd és igy a (3-19) Schrddinger-egyenlet—
ben fellép az a tag, ami visszahozza a "kitranszformdlt' el8jelet.
Bdr mint ldttuk a folyadék—- és szildrd fézisban felvett spekt-—
rumok vonalpozicidibdl nyert adatok kombindlédsa felvildgositdst ad-
hat a mdtrixok aszimmetridjdrdl, de a mdtrixok teljes meghatdrozdsé-
hoz az adatok szdma nem elegendd, mert a 9- 9 elemd métrixok szémdra

csak 7- 7 adat 411 rendelkezésre (hat egykristdly adat és egy adat a

folyadék spektrumbdl). A folyadékfdzisbdél nyerhetd informdcid azonban
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kiegészithetd, ha mérni tudjuk a spektrumbdl a mignesezettség dina-
mikdjdt jellemz8 relaxdcids idSket is. A relaxdcidelméleti szdmitd-
sokkal itt most nem foglalkozom, hanem az A3 kdzleménylinkben kozdlt
eredményekre hivatkozom. A slrdségmitrixos formalizmuson alapuld re-
laxdcidelméletet [54] annyiban fejlesztettiik tovdbb, hogy az alape-
gyeniet iterdcids megolddsdban a harmad- és negyedrendd tagokat is
figyelembe vettilk és szerepeltettiik az id8fiiggd Hamilton-operdtor—
ban a vektoridlis (antiszimmetrikus) tagokat is (1ldsd (3-25)). Kimu—

tattuk, hogy a relaxdcids sebességek mdsodrendl tagjai H1(t)2, har-

madrendd tagjai H1(t)3 és negyedrend( tagjai Hl(t)4 dtlagértékekkel

ardnyos kifejezésekbd8l 411, és ezek felirhatdk a gv, gt,‘Kv és Kt
madtrixok megfele16 hatvdnyd forgdsinvaridnsaibdl. Ha a longitudind-
1lis és tranzverzdlis relaxdcids id8ket (T1 és T2) kiildnbsz8 mérési
frekvencidkon meghatdrozzuk, akkor elegendd figgetlen mérési infor-
mdcidé 411 rendelkezésre az Osszes fliggetlen tenzor—invaridns kiszd-

mitdsdra. A Zeemen-kSlcsdnhatds fiiggetlen tenzor-invaridnsai a k&-

vetkezdk:
x(8.) »
2 3
x(8.) , Det(8) = -1/3x(8)) ; (3-26)
a2 A2 A 2 2
X&) » x(&,-8.) » x(g -8 -
Osszesen tehdt hat kiilénb&z8 paraméter hatdrozhatd meg a folyadék
spektrumbSl. A mdsodik sor invaridnsaibdl lathatd, hogy ki lehet
szdmitani a tenzoridlis tag féértékeit, hiszen gt karakterisztikus

egyenletében:
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2 ~ A N
= 1/2x(ED)x - Det(g,) = 0 . (3-27)

A harmadik sor invaridnsaibdl meghatdrozhatjuk a @V "vektor" hosz-

2 2

szat és §t fétengely-rendszerére vonatkozd irényét. Mdsszdéval a
folyadék spektrum elég informdcidt biztosit a & mitrix teljes fel-
bontdsdra a konstans, vektoridlis és tenzoridlis Osszetevdk szerint.

Hasonlitsuk 8ssze a folyadék— és szildrd fdzisban nyerhetd in-
formdcid természetét. Mint kordbban lattuk, szildrd fdzisban is hat
paraméter mérhetd meg: a szimmetrizdlt gs midtrix elemei, illet8leg
ennek hdrom féértéke és fdéirdnya. A folyadékfdzis tehdt nem abban
kiildnb6zik a szildrd fdzistdl (itt egykristdlyra gondolunk), hogy a
molekuldrél szerezhet$ informdcid kevesebb, hanem az informdcid fi-
zikai tartalma mds. Az informdcid eltérd jellege teszi lehetdvé,
hogy a két fizikai fdzisban mért Ssszesen 12 adatbdl meghatdrozzuk
a € mitrixmind a9 elemét. A tdlhatdrozottsdg onnan szdrmazik, hogy
a két fdzisban mért paraméter szetnek van hdrom k8zds invaridnsa

(egy-egy mdsod—, harmad- és negyedrend(i), melyek k&ziil a mdsodren-

dii 6sszefiiggés a kdvetkezd:
x(@)) =x(@, -8 +8) . (3-28)

A hiperfinom-kdlcsbnhatds mdtrixdbdl is felépithetjiik a
(3-27)-tel analdg invaridnsokat, melyek jdrulékokat adnak a rela-
x4dcids sebességekhez, de ezenkiviil a g és A matrixokbdl felépiild
vegyes invaridnsok is fellépnek. A vegyes invaridnsok fizikai jelen-—
tése, hogy bdr izotrop forgdsok esetén a folyadékban nincsenek ki-

A A ’” v , »
tiintetett irdnyok a §v, Av "vektorok" és a §t, At tenzorok fdirdnyai
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kozdtti relativ szdgek mérhetd fizikai mennyiségek.

A klasszikus fizika szemsz6gébdl meglepdnek tlnhet az a meg-
dllapitds, hogy a rendezetlen mozgdsokat végz8 folyadék halmazil-
lapot ugyanannyi informdcidé megszerzését teszi elérhetdvé, mint az
egykristdly, ahol a legkiilonbdz8bb kristdlyorientdcidk mellett vizs-
gélhafjuk a spektrumot. Ezt tikrdzi kdzleménylink egyik birdldjanak
megjegyzése is [55]:

"Primarily, intuitively, it seems wrong to us that a measure-
ment of the properties of a tumbling, rigid molecule can give in-
formation not available from the set of measuremenets for the
static molecule at all possible orientations in the applied field."
Birdldnk fenntartdsai ellenére a matematikai levezetésben és a gon-
dolatmenetben nem taldlt kifogdsolni valdét. Nem vitattdk megdlla-
pitdsaink helyességét eredményeinkre hivatkozdé késdbbi publikdcidk
sem [24,28,32,56-62].

Annak demonstrdldsdra, hogy a kvanummechanika szellemével nem
ellenkezik, s8t abbdl egyenesen kdvetkezik megdllapitdsunk helyes—
sége, analdgidt kerestiink a bizonytalansdgi reldcid és a spin-Hamil-
ton formalizmus tObbértékisége kdzdtt. Hasonldan ahhoz, hogy az im-
pulzus és hely operdtorok nem cserélhet8k fel, nem kommutativak az
impulzusmomentum és szdg (orientdcid) operdtorai sem. Példdul a z-
tengely koriili elforgatds ¢ szdg-operdtora és az impulzusmomentum z-—

komponense kdzdtti felcserélési szabdly:

I.ch - (pLZ = ik . (3-29)
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A felcserélési szabaly kdvetkezménye, hogy nem lehet egyidejlleg

a molekula orientdcidjat és impulzusmomentumit tetsz8leges pon-
tossdggal mérni. Hatdresetben, amikor a molekula helyzete rdgzi-
tett a szdg-koordindtak, amikor gyors forgdst végez az impulzus—
momentum-koordindtdk mérhetlk. A spin-Hamilton formalizmus vald-
jébanva sok-elektronos rendszer redukdlt leirdsa, melyben az ere-
deti hulldmfiiggvény tulajdonsdgai a kiilénbdz8 kdlcstnhatdsi mit—
rixok szerkezetében vannak elrejtve. Az impulzusmomentum legdlta-
ldnosabb - csoportelméleti - definicidja szerint [63] a forgdscso-
port miiveleteivel szemben 6nmagdban transzformdldédsé 1,3 és 5 di-
menzids irreducibilis fiiggvényterek az L operdtor L=0, 1 és 2 sa-
jadtértékéhez tartozd sajatfliggvények. Ebben az értelmezésben az
egykristdlyra vonatkozd megdllapitdsok azt jelentik, hogy ekkor
lehetdség van a szimmetrizdlt k&lcsSnhatdsi midtrixok féirdnyainak
pontos mérésére, de nem kapunk felvildgositdst a kdlcsOnhatdsi
mdtrixok L=0, 1 és 2 sajatértékekhez tartozé konstans, vektorid-
lis és tenzoridlis Osszetev8i szerinti felbontdsra nézve. Masfe-
181 izotrop folyadékokban, ahol a forgds miatt az egyes kdlcsdn-
hatdsok f8irdnyai nem mérheték, ott a miatrixok L =0, 1 és 2 kompo-

nensek szerinti felbontdsa adhatd meg.

3.3.

A spin-Hamilton formalizmus tobbértéklségével kapcsolatos
eredményeinkre hivatkozdé kdzlemények [24,28,32,56-62] kdziil PLLbrow

monogrdfidjdt [24] emelem ki, aki igen részletesen ismertette leg-
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fontosabb megdllapitdsainkat; valamint Noradio és Seghe munkdjit [56],
akik vizsgdltdk, hogy a részlegesen orientdlt folyadékkristdlyokban
mérhet8 informdcid hogyan viszonyul a folyadék- és szildrd fizisban

mérhetd adatokhoz.

3.4.

Megdllapitottuk, hogy sztatikus rendszerekben az effektiv spin
szabadon vdlaszthaté spinor bdzisa miatt a spin-Hamilton formalizmus
kdlcsbnhatdsi midtrixainak csak szimmetrizdlt alakja és determindnsa
fizikailag mérhet8 mennyiség. A mitrix aszimmetridval és a f8érték
el8jel vdlasztdsdval kapcsolatos tobbértékliségi problémdk egységes
tdrgyaldsdt adtuk a mdtrixmechanika poldrfelbontdsi szabdlyain ala-
puld szimmetrizdld eljdrds bevezetésével. Kritikailag elemeztiik a
formalizmus tobbértéklségével kapcsolatban eddig k&zdlt megdllapitd-
sokat és kimutattunk egy Uj t6bbértékiségi jelenséget a zérustér-
és kvadrupolus-kdlcsdnhatds tenzordnak f8tengely vdlasztdsdval kap-
csolatban.

Kimutattuk, hogy izotrop folyadékokban teljes spektroszképiai
méréssel (a vonal pozicidk és a relaxdcids id8k t8bb mérési frekven-—
cidn vald meghatdrozdsdval) a kdlcsdnhatdsi mdtrixok egyértelmlen
felbonthatdék skaldris, antiszimmetrikus és tenzoridlis Osszetevdkre,
tovdbbd a sztatikus és izotrop forgdsokat végzd molekuldk spektru-
mdbdél nyert informdcidk Osszevetésével mdédszert javasoltunk a kdl-
csbnhatdsi midtrix minden elemének egyértelml meghatdrozdsdra. A

spin-Hamilton formalizmus sztatikus, illetve izotrop forgdsokat vég-



z8 molekuldkra vonatkozd tdbbértékliségi problémdit mint a szdg és
impulzusmomentum mérésre vonatkozd bizonytalansdgi elv kdvetkez-

ményét értelmeztiik.
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4. EGY KULONLEGES TULAJDONSAGU ANYAG: KRISTALYRACSBAN SZABAD ES
GATOLT FORGAST VEGZS HISZTIDIN-MOLEKULAK

4.1,

”

Az el8z8 fejezetben vizsgdltuk azt a kérdést, hogy a folyadék-
illetve szildrd fdzisban felvett ESR-spektrumokbdl milyen felvildgo-
sitast kapunk a spin-Hamilton formalizmus paramétereire. A sztatikus
és a gyors mozgds hatdreseteivel foglalkoztunk, amikor a molekuldris
mozgdsok frekvencidja lassabb mint 'IO6 s_1, illetve gyorsabb, mint
1010 s—1. A két hatdreset kozotti frekvencia tartomdnyban azonban az
ESR-spektrum igen érzékenyen védltozik a molekuldris forgdsok sebes-
ségének és orientdcidjdnak fliggvényében. Ez az alapja a spinjelzéses
és spinpréba vizsgdlatoknak, melyben a paramidgneses szabad gyokdt
(t&bbnyire stabilis nitroxil gytksét) kovalens k&téssel a vizsgdlandd
vegyiiletre visznek [64], illetve a nitroxil molekuldkat polimer mdt-
rixba diffunddltatnak [65] és az ESR-jel vadltozdsaibdl a jelzett a-
nyag mozgékonysdgdra (pl. bioldégiai membrédnok vizsgdlata), vagy a
hordozdé polimer midtrix diffdzids tulajdonsdgaira kovetkeztetnek. Szi-
14rd fdzisban fellépd molekuldris mozgdsokra szdmos példat taldlunk
besugdrzott szerves kristdlyokban [66-69] és polimerekben [70]. Kis
méretd gyokdk, pl. a metil szabad gydk még alacsony hémérsékleten is
szabadon forog a polimer mdtrixban [71], amit az izotrop 1:3:3:1
kvartett hiperfinom-szerkezet megjelenése mutat. Mozgdsi effektus

megfigyelésének mdsik tipusa, amikor a molekula bizonyos csoportjai,

pl. a metilén csoport, dtmeneteket végez kiilonbdz8 konformicidk ko-



zott. Alacsony hémérsékleten, ahol a belsd forgés lassd a metilén
protonok csatoldsi d4llanddinak kiilénbségéhez képest, az ESR-spekt-—
rum hiperfinom-szerkezetében 1:1:1:1 amplitddd ardnyd kvartett je-
lenik meg (dublett dublettje), szemben a magas hémérsékletl spekt-
rummal, ahol a gyors :.forgds miatt a két proton ekvivalens és igy
1:2:1 triplett figyelhetd meg [66-67] . Akdzbensd hémérsékleti tar-
tomdnyban, ahol a forgdsi frekvencia 8sszemérhetl a csatoldsi 41-
landdék kiilonbségével (frekvencia egységekben kifejezve) a kvartett
két kozépsd vonala kiszélesedik, s8t el is tflinhet.

Kristdlyrdcsba vitt dtmenetifémionok esetében mozgdsi jelen-
ségekr8l csak néhdny esetben szdmoltak be [36,72-78] . Paramdgneses
vegyiiletek kristdlyaiban az ESR-spektrumot dént8 mértékben a cent-
rumok kdzdtti midgneses (kicserél8dési, vagy dipSlus) kdlcsdnhatdsok
hatdrozzdk meg. Ekkor az intermolekuldris kdlcs®nhatdsokndl gyengébb
hiperfinom-csatolds nem hoz létre felbontott struktdrdt, st még a
8 tenzorra is csak korldtozottan lehet kdvetkeztetni, ha az elemi-
celldban kiilénbdz8 orientdcidjd molekuldk vannak [79]. Fdzisdtalaku-
ldsokra, dinamikus effektusokra a vonalszélesség kismérték(d vdltozd-
saibdél lehet kovetkeztetni. Az intramolekuldris migneses kdlcsdnha-
tds kiilonbdz8 "higitdsi" technikdk segitségével tanulmdnyozhatd. A
két gyakran alkalmazott eljdrds a fagyasztott-oldat technika (iiveg-
spektrum), illetve a diamdgneses higitds (vagy doping) technika, amely-
ben a paramdgneses iont az izomorf kristdlyt alkotd diamdgneses fém-—
vegyiilet rdcsdba viszik be. Az {iveg—spektrum és a dopolt polikristd-

lyok spektruma kis mértékben eltérhet egymdstdl az olddszer koordi-
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ndcidé miatt [80] . A kristdlyrdcsba bevitt Atmenetifémionok ESR-
spektruma dltaldban csak igen kismértékben vdltozik a hdmérséklet
fﬁggvényébeﬁ. Kivételt képez néhdny janh-TeKKen aktiv kristédly,
melyben az alapdllapot pdlya-degenerdcidéja miatt dinamikus torzuléds
1ép fel. Ilyen effektust oktaéderes szimmetridjd kdrnyezetbe vitt
Cu2+— és Ni+—ionok esetén taldltak [36,72-78], ahol a 2E Szimmetri-
4jd dublett alapdllapot valamelyik k&bds tengely irdnydban vald
vibrdcids torzulds miatt hasad fel és a molekula a kiilénb&z8 irdnyd
torzuldsi lehet8ségek kdzdtt alagit-effektussal leirhaté dtmenete-
ket hajt végre [81]. Magasabb hémérsékleten, ahol ez az dtmenet
gyors (tdbbnyire 77 Kkoriil) az anizotrop effektusok kidtlagolddédsa
miatt izotrop ESR-spektrum figyelhetd meg, ami a hémérséklet csdk-
kentésével fokozatosan kiszélesedik, majd mélyhémérsékleten (1 -2

K koriil) anizotrop jelalakba megy 4t.

Ebben a fejezetben a fentiekkel részben analdg hémérsékleti
effektusrdl szdmolok be cink-biszhisztidin rdcsba bevitt Cu2+-ionok
esetén. Esetiinkben a magas hémérsékleti izotrop és az alacsony hd-
mérsékletd anizotrop jel dtalakulédsa nem.folyamatosan, hanem egy jél
definidlt hémérsékleten megy végbe és az dtalakulds hémérsékleti
hiszterézist mutat. Az dtalakuldsnak ezek az anomdlids sajdtsdgai
arra utalnak, hogy esetiinkben egy dj tipusd dinamikus Janh-Teller
effektust figyeltilink meg.

Tiszta 1éz(II) és 1:100 keverédsi ardnyd réz(II)/cink(II)
dopolt komplexeket egyardnt vizsgdltunk. Semleges PH-d4n elddllitot-

tunk L-hisztidin bisz-komplexeket (bisz-(L-hisztidinato)-réz(II)-
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dihidrét: Cu(L—His)z.ZHZO és rézzel dopolt bisz-(L-hisztidinato)-
cink (II)-dihidrdt: Cu/Zn (L—His)z.ZHzo), valamint L-hisztidin-D-
hisztidin vegyes komplexeket (L-hisztidindto-D-hisztidindto-di-
akva-réz (II)-tetrahidrat: Cu(DL—His)2.6H20 és rézzel dopolt L-hisz-
tidinéto—D—hisztidinéto—cink(II)—pentahidrét: Cu/Zn(DL—His)z.SHZO).
A komplexek Osszetételét kémiai analizis és termogravimetria segit-—
ségével ellenbriztilk [A5]. Polikristdlyos pormintdkon, folyadék és
lefagyasztott vizes oldatokban egyarédnt vizsgdltuk az ESR-spektru-
mokat széles hémérsékleti tartomdnyban [A5].

A dopolt bisz-L-hisztidin és a vegyes DL-hisztidin komplexek
ESR-spektruma egyardnt anomdlis h6mérsék1e£i effektusokat mutatott.
A bisz-komplex esetén a polikristdlyos minta spektruma 8 °c folstt
meglep8en hasonlé a megfeleld réz-komplex vizes oldatdnak azonos
hémérsékleten felvett spektrumdhoz, bir a porminta jelének negyedik
vonala nagyobb és az egyes vonalak kdzel 10 mT-vel a kisebb mdgne-
ses tér irdnydban vannak eltolva (4-1.4bra). A minta hémérsékletét
0 °C ald hitve a spektrum a folyadékokra jellemz8 alakbdl kdzbensd
tipusd jelformdk felvétele nélkiil hirtelen dtmegy a szildrd fdzis—
ra jellemz8 axidlis szimmetridjd por-spektrumba.A spektrum szerke-
zete hasonld az alacsony hémérsékleten felvett lefagyasztott oldat
szinképéhez (4-2.4bra). A folyadék és szildrd jellegl spektrum 4t-
alakuldsa hémérsékleti hiszterézist mutat: amig hitéskor az dtme-
net 0 °C alatt, addig melegitéskor 8 °c £516tt figyelhetd meg. A
0 és 8 °C kozbtti hémérsékleti intervallumban a spektrum folyadék,

illetve szildrd jellegét hosszi ideig megtartja attdl fiigglen,



- 34 -

10mT

4-1.4bra: A réz(II)-bisz-(L-hisztidin) komplex ESR-spektruma:

a: vizes oldatban 12 oC--on, b: a cink(II)-komplex ra-

» O Pl rd » rd . P L ’
csdban 12 C-on, c: szidmitdgépes szimuldcid a 4-1.tdb-

ldzat paramétereivel. Az é,és b spektrumokon a Mn(II):

MgO marker jelei is lathatdk.
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4=2.4bra: Réz(II)-bisz—(L-hisztidin) komplex ESR-spektruma,

a: =125 °C-on lefagyasztott vizes oldatban, b és c: -4 °c-

on a cink(II)-komplex rdcsdban, az el8bbi szobahémérséklet-—
rél vald hités, az utdbbi 77 K-rél valé felmelegitds utdn.
hogy elézetesen a mintdt magasabb hémérsékleten (pl. szobahSmérsék-

leten), vagy alacsonyabb (pl. cseppfolyds levegd) hdmérsékleten

tartottuk.
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4-3.4bra: Cink(II)-komplex rdcsdba dgyazott réz(II)-(L-hisztidin)-
(D-hisztidin) ESR-spektruma a: -14 OC-on, b: -20 °C-on és

c: =24 OC—on.

A dopolt vegyes komplex por-spektruma valamennyi hémérsékle-—
ten a szildrd fédzisra jellemz8 alakd és axidlis szimmetridval irha-
té le. Itt a hémérsékleti anomdlia -20 °C kdriil a jelalak gyors
vidltozdsdban jelentkezik (4-3.4bra). A spekfrumokbél meghatdrozott
mdgneses paraméterek is ebben a hémérsékleti tartomdnyban viltoznak
a leggyorsabban (4-4.4dbra), és itt a legelmosddottabbak a pdrhuzamos

f8értédkekhez tartozdé hiperfinom vonalak is. Ilyen vonalkiszélesedést
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(D-hisztidin) mdgneses paramétereinek (g, és A,) hémér-

sékletfiiggése.

108 s—l frekvencidjd gdtolt molekuldris forgds okozhat. A fenti hé-

mérsékleti anomidlidk csak a cink-rdcsba vitt réz(II)-centrumokra

jellemz8ek: sem a réz-hisztidin pormintdk, sem vizes oldataik (fo-
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lyadék és lefagyasztott) spektruma nem mutatott szokatlan hémérsék-
leti effektust. A réz-ionok mds cink-aminésav rdcsokba vald bevite-
le sem vezet hémérsékleti anomdlidkhoz az ESR-spektrumban [82] , sét

még a mono-hisztidin komplexben sem figyeltiink meg ilyen jelenséget.

4.3.

A fentiekben ismertetett anomidlis hémérsékleti effektusokat
a hisztidin molekuldk mozgdsaival hozzuk kapcsolatba. Meggondoldsa—
inkat a réz- és a cink-komplexek eltérd térszerkezetére alapozzuk.
A réntgen—diffrakcids vizsgdlatok szerint [83-85] a cink-bisz-hisz-—
tidin komplexekben a fémionhoz négy nitrogénatom koordindlddik
(egy—egy amino és imidazol nitrogén) tetraéderes elrendezddésben.
A cinkhez kapcsolédd két hisztin-— (vagy két L-hisztidin, vagy egy
D- és egy L-hisztidin) molekula sikja mer8leges egymdsra. A réz-
hisztidin-komplexek k&zlil csak a vegyes komplexek szerkezetére all
rendelkezésre rontgen-diffrakcids vizsgdlat [86], mig a bisz-L-hisz-—
tidin-komplex szerkezetére spektroszkdpiai és potenciometrikus méré-
sekbdl kdvetkeztettek [86]. Ezek szerint a hisztidin-molekuldk ko-
ordindcidés médja a réz-komplexekben azonos a cink-komplexekével,
de a hisztidin-molekuldk sikja pdrhuzamos, tehdt a négy nitrogén a
fém koriil négyzetes—plandris elrendez8dés{i. Tovdbbi lényeges kiildnb-
ség a cink- és réz-komplexek szerkezete kdzdtt, hogy a cink-rdcsban
nincs a fémionhoz kdzvetleniil koordindldédé viz, hanem valamennyi a

hdromdimenzids hidrogénhidas struktdra részeként a ricsszerkezetet
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stabilizdlja, szemben a réz-raccsal, ahol két viz-molekula k&zvet—-
leniil koordindlédik a fémhez, kiegészitve a négyzetes-plandris
struktdrdt torzult oktaéderes szerkezetre.

Ha a cink-komplex rdcsdba a fém helyére réz-ionokat visziink,
a tetraéderes lokdlis szimmetria miatt a 3d9 konfigurdcié alapdl-
1apota hiromszorosan degenerdlt lesz (2T1). Mivel a degenerdlt alap-
41lapot nem stabilis, igy sztatikus, vagy dinamikus Jahn-Teller tor-
zuldsra kell szdmitani. Tetraéderes szimmetridjd kdrnyezetben 1évd
Cu2+—ionok esetében eddig nem szdmoltak be olyan hd8mérsékleti ef-—
fektusokrél, ami dinamikus Jahn-Teller torzuldsra mutatna, valameny-
nyi esetben sztatikus (rombos vagy tetragondlis) torzulds vezetett
a degenerdcid megsziinéséhez [87-99]. Ezzel szemben a szabdlyos
(vagy csak kismértékben torzult) oktaéderes kdrnyezetben 1évd Cu2+—
ionokndl t&bb esetben is dinamikus Jahn-Teller effektust figyeltek
meg [36,72-78]. Ezt avval magyardztdk, hogy a 2E degenerdlt alapdl-
lapot megfeleld szimmetridjd 3d pdlydi o-kdtést alkotnak a donor-
atomokkal, ami a vegyérték kotések hosszdnak érzékenyebb vdltozdsd-
val jar egyilitt [36]. Mivel az eddigi tapasztalatok szerint tetraé-
deres szimmetridjd rézionok esetén vibrdcids eredetd dinamikus Jahn-
Teller hatds nem 1ép fel és esetilinkben a folyadékszerld spektrum
szildrd fdzisra jellemz8 spektrumba vald dtalakuldsa nem dtmeneti
jelformdkon keresztiil tdrténik, arra kovetkeztettiink, hogy a spekt-
rum vdltozdsok a hisztidin-molekula forgdsdtdl szdrmaznak. A forgdst
dgy képzeljiik el, hogy a cinket rézzel helyettesitdé rdcspontokban a

hisztidin-molekuldk sikja az eredeti merdleges pozicidébdl pdrhuzamos-—
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ba fordul. Ez az Adtfordulds akkor k&vetkezhet be, ha a rdcs viz-
molekuldi is 4trendezddnek. Ezt a 1éhet65éget valészinlsiti a viz
oxigénjeinek ﬁagy amplitdddjd termikusvmozgésa a cink-rdcsban [83-
85]. Az 4dtrendezd8dés sordn a hdromdimenzids hidrogénhidas szerke-
zetb81l két viz-molekula beléphet a réz koordindcids szférdjdba, és
igy lokdlisan ugyanolyan geometria alakul ki, mint ami a réz—komp-
lex rdcsdban van. Feltételezésiink szerint a spektrum fdzisdtmenet-
szer( vdltozdsa a viz-molekuldk fém-kooridnilt helyzetbd8l a hidro-
génhidas szerkezetbe vald dtlépésével fiigg Ossze. Alacsony hémér-
sékleten a viz-molekuldk elfoglaljdk a réz koriili axidlis pozicid-
kat, és igy a hisztidin-molekuldk forgdsdt nem teszik lehetdévé. Ma-
gasabb hdmérsékleten a vizmolekuldk kilépnek a réz koordindcids
szférdjdbdl, amiért lehet8ség nyilik a hisztidin-molekuldknak a
N-Cu-N szdg felezdje korili egytengelyes forgdsra.

A hisztidin-molekuldk egytengely(l forgdsdn alapuld modell
segitségével az észlelt spektrdlis vdltozdsokat kvantitativan ma-
gyardzhatjuk. Induljunk ki az alacsony hémérsékleten detektdlhatd
axidlis szimmetridjd spektrumbdl, amit a pirhuzamos és merdleges

f8értékekkel jellemezhetiink:

8y T 83z s Ay = Azz (4-1)
illetve

= = 3 A = = -2
8 = 8y T By, S )T A Ayy, (4-2)

ahol z a koplandris hisztidin-molekuldk sikjdra mer8leges, mig x

és y a megfeleld8 N-Cu-N szdgek felez8jének irdnya. Izotrop folyadék-
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ban mint ldttuk (1ldsd (3-23)) az anizotrop kdlcsdnhatdsok teljesen

kidtlagolddnak:

g0=1/3(gXX+gyy+gzz) és A0=r1/3(AXX+Ayy+AZZ): . (4-3)

Egytengely(d forgds esetén mir csak részleges kidtlagolddds johet
létref Jeldljik x—-szel a forgdsi tengely irdnydt. Ekkor az y és z
irdnyd komponensek dtlagolddnak ki, mig az x—komponensek nem val-
toznak. Az igy 1étrejdvd kvdzi-axidlis szimmetridjd rendszer f8ér-

tékei:

B T Bxx és Ay = Aex 2 (4=4)

illetve

1 £ LI -
g\ 1/2<gyy+gzz) és A 1/2(Ayy+Azz). (4-5)

Az alacsony hémérsékletii spektrumot axidlis szimmetria fel-
tételezésével sikeriilt szimuldlni. A szimuldcié akkor adott jé e-
gyezést a kisérleti gdrbével, ha figyelembe vettilk a négy nitrogén
nem felbontott hiperfinom struktdrdjdt is. A folyadékszerd spektrum
szimuldciéjdt két kiilonbdz8 médon kiséreltilk meg: mint izotrop spekt-—
rumot és mint kvdzi-axidlis spektrumot. J6 egyezést csak az utdbbi e-
setben kaptunk (ldsd 4-1.4dbra), mert az izotrop spektrumban a negye-
dik vonal intenzitdsa kisebb volt mint a kisérleti gdrbe megfeleld
csicsa. A kvdzi-axidlis spektrumban viszont a parallel rész éppen a
negyedik vonalra esett, ami reprodukdlta az anomdlis intenzitds a-
rdnyt. A szimuldcidval nyert paramétereket, kiegészitve a lefagyasz-—
tott oldatra és a nem higitott réz-komplexekre vonatkozd adatokkal,

a 4-1.tédbldzatban foglaljuk Gssze. A tdbldzat adataibdl az is latha-
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4-1.tdbldzat: A réz(II)-bisz—(L-hisztidin)-komplexek ESR-spektru-

mdbdél meghatdrozott midgneses paraméterek

Higitds Hémérséklet g-faktorok Hiperfinom-csatolds
(°c) (mT)
nincs 14 g0==2,119
nincs -125 go==2,120
Zn-komplex -4 gl.=2,070; g, =2,278 Al.=2’5; Ay=13,9 a
- o= e Vo= ' = 2 "=
Zn~komplex 12 8 2,162; gy 2,078 AL 7,0; A” 1,0 b
viz 12 &g =2,122 A.O =6,8 c
viz -125 g) =2,057; g =2,238 A =2,45 Ay=17,4 a

A szamitdégépes szimuldcid sordn négy ekvivalens nitrogén csatolédssal

y =1,3 mT, ag =0,8 ml; b) ay=1,05
L

szdmoltunk, melynek értékei: a) a N
1l

mT; c) aN=1,2 mT.

té, hogy a kvdzis—-axidlis modellnek megfeleld (4-4) és (4-5) egyen-—
letek jé1 adjdk vissza az alacsony- és a magashémérsékletd spektru-
mokbél kiolvashatd adatok kozdtti Osszefliggést. Az oldatban és a 8 °c
folott polikristdlyos mintdban felvett spektrumok eltoldddsa is ért-
hetd, hiszen az elsd esetben a vonalak helyét (4-1), a midsodikban a
(4-5) 6sszefiliggés hatdrozza meg.

A fentiekben elmondottak csak a bisz-L-hisztidin-komplexre vo-
natkoznak. A vegyes komplexben -20 °C koriil észlelt &talakulds agy
vdltoztatja meg a paramétereket, hogy azok kdzelednek a kvidzis—-axid-

1is spektrumnak megfeleld (4-1) és (4-5) értékekhez, de azt nem érik
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el. Ez a fenti modellel dgy értelmezhetd, hogy ekkor a viz-moleku-
1ak étrendeg6dése utdn sem forog a hisztidin-molekula szabadon, ha-
nem csak az N-Cu-N szdg kdril torzids oszcilldcidt végez. Ebben az
esetben a forgds gdtoltsdgdt a D-hisztidin és az L-hisztidin tér-
helyzetéb8l addédd nagyobb sztérikus kdlcsdnhatds okozhatja.

| A fazisdtmenet hiszterézise a bisz-L-hisztidin-komplexek ese-
tén szintén értelmezhetd a hisztidin-molekuldk forgdsdval. Feltéte-
lezésiink szerint a rézhez koordindlt viz kilépése inditja meg ezt a
forgdst. A hisztidin-molekuldk forgdsa viszont akaddlyozza a viz-mo-
lekuldk visszaugrdsidt a réz—ion melletti pozicidkba, ezért hitéskor
alacsonyabb hémérséklet sziikséges a fdzisdtalakuldshoz, mint amilyen

hémérsékleten az adtalakulds bekdvetkezik, ha a mintdt melegitjik.

4.4,

Anomdlis hémérsékleti effektusokat figyeltiink meg a cink(II)-
bisz-L-hisztidin és a cink-(II)-D-hisztidin-L-hisztidin vegyes komp-
lexbe vitt réz(II)-ionok ESR-spektrumdban. A jelenséget molekuldris
forgdst el8idéz8 Jahn-Teller hatdssal magyardztuk. A bisz-komplex
magasabb hdémérsékleten megfigyelt folyadékszerd spektrumdt a hiszti-
din-molekuldk tengely koOriili forgdsdval hoztuk Osszefiiggésbe, mig a
vegyes komplexekben az anomdlis paraméter vdltozdst torzids oszcil-
ldciéval értelmeztiik. A spektrum fdzisdtalakuldsra mutatd vdltozd-
sdt a viz-molekuldk rézhez koordindlt pozicidjdbdl vald kilépésével
értelmeztiik. A fdzisdtalakulds hiszterézisét a molekulaforgis at-

rendez8dést gdtlé hatdsdra vezettiik vissza.
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5. ESR-SPEKTROSZKOPIA ALKALMAZASA TOLTOANYAGOK ORIENTACIOJANAK

MEGHATAROZASARA POLIMER KOMPOZITOKBAN

A misodik és harmadik fejezetben bemutattuk, hogy a mdgneses
kélcsonhatdsok anizotropidja miatt a rezonancia vonalak helye fiigg
az egykristdly mdgneses térhez képesti orientdciéjatél. Polikris-—
tdlyos mintdkban, ahol .a krisztallitok minden orientdcidét egyenld
valészinliséggel vesznek fel, a kiilénbdz8 orientdcidkhoz tartozd
spektrumok szuperpozicidja figyelhetd meg. Az igy kapott por-spekt-
rum néhdny karakterisztikus csdccsal rendelkezik azokndl a tér ér-
tékeknél, ahol a rezonancia a migneses k&lcsdnhatdsok valamelyik £8-
tengely irdnydval pdrhuzamos tér mellett 1ép fel [100,101]. Ha a
szimmetria axidlis, akkor ennek megfelelden pdrhuzamos és mer8leges
sdvokrdl beszélhetilink. Ilyen spektrumot ldthattunk a 4-2.4brédn 1is.
Részleges rendezettség esetén a pdrhuzamos és mer8leges sdvok inten—
zitds ardnya eltolddik, st magasfokd rendezettségnél a pozicidja
is. Az ESR-spektroszkdépidt ez a tulajdonsiga teszi alkalmassd ren-—
dezettség vizsgdlatdra. Kiterjedten vizsgdltdk evvel a mddszerrel
polimerek kristdlyos fdzisdnak rendez8dését mechanikai deformdcidk
hatdsdra [70]. Sugdrzdssal szabad gytkoket létrehozva polimerekben,
a minta megnydjtdsa utdn megfigyelhet8 a sdvok helyének orientdcid-
figgése, ami a kristdlyos fdzis nagymérték{ rendezettségére utal.
Ujabban néhdnyan a polimerek amorf-fizisdban is vizsgdltdk [102-105]

a mechanikai deformdcidk &ltal 1étrehozott rendezettséget, aminek
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mértéke lényegesen kisebb a kristdlyos faziséndl. ltt orientdcids
probaként payamégneses molekuldkat diffundéltattak a polimer mat-
rixba, melyek a polimerlinccal vald kdlcsonhatds révén a léanccal
egylitt orientdlddnak. Itt a rendezettség kisebb foka miatt csak a
sdvintenzitdsok vdltozdsa figyelhets$ meg.

Rendez8dési folyamatok t&lt8anyagot és egyéb Osszetevlket
tartalmazé polimer kompozitokban is létrejonnek mechanikai defor-
micidk hatdsdra. Ez esetben megkiilonbdztethetjuk a polimerlédncok
és a polimer tdltbanyagdnak rendez8dését. A tdltdanyag rendezddése
akkor szdmottevd, ha a kristdlyok dn. anizometria faktora, ami a
legnagyobb és legkisebb kristdlyméret ardnydt adja meg, viszonylag
nagy (10 feletti érték). Ilyen rendszerekre vonatkozdé ozmometrikus
és elektronmikroszképids vizsgdlatokat Gsszegezte Utrack{ [106].
Ujabban Bodoi réntgen—diffrakciés mérésekkel mutatta ki [107], hogy
lehetséges a szdlorientdcid és a tdltbanyag rendezettség Osszeveté-
se nagy anizometridjd t6ltdanyag (talkum) esetén. ToltSanyagok ori-
entdcidéjat tudomdsunk szerint spektroszkdpiai mddszerekkel még nem
tanulmdnyoztdk, bar a polimerldncok orientdldéddsdt az ESR-en kiviil
NMR- és IR-spektroszkdépidval is vizsgdltdk [108-109].

Polimer kompozitok fizikai-kémiai tulajdonsdgainak vizsgdla-
tdval eredetileg a Tiszai Vegyi Kombindt megbizdsdbdl kezdtiink fog-
lalkozni. Az eredeti célkitlizés a kompozit Osszetétele, a mechani-
kai tulajdonsagok és a molekuldris diffidzid Osszefiliggéseinek tanul-
manyozdsa volt, amihez az ESR-spinprdéba mddszert alkalmaztuk [110-

111]. A kompozitokban alkalmazott t&lt8anyag, finomra &r&lt kalcit-
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por, szennyezésként tartalmazott kiilonbdz4 paramdgneses centrumokat
is. A vizsgdlatok "melléktermékeként" kideriilt, hogy a tdltdanyag-
ban 1év8 szennyezések ESR-spektruma vdltozik a préselt és megnydj-—
tott mintdk migneses térhez képesti orientdcidjdnak fiiggvényében.
Ez a megfigyelés vetette fel az &tletet, hogy az ESR-spektrum ori-
entéciéfﬁggéséb6l kévetkeztessiink a tdlt8anyag rendezettségének jel-
legére és nagysdgdra. A médszer kidolgozdsadt indokolta, hogy csak
korldtozottan 411 rendelkezésre tdlt8anyag orientdcidjit mérd elja-
r4s és ezek is erdsen anizometrikus anyagokra wvonatkoznak, ahol a
rendezettség jelentésen nagyobb, mint amit esetiinkben a kevéssé an-
izometrikus 8rdlt kaleit—-porokndl vdrni lehet. Ebben a témdban el-

ért eredményeinkr8l [A6,A7] szdmolok be a kovetkezdkben.
5.2.

A kalcit tipusd CaCO, kristdlyokban 1év5 paramigneses centru-—

3
mok k&ziil a szubsztitdcids Mn(II)-centrum [112] és a kiilénboz8 rdcs
defekt—-centrumok [113-115] ESR-jele egyardnt alkalmasnak bizonyult

a rendezettség nyomon kdvetésére. A defekt-centrumok kdzil kivalasz-—
tott jel (valdszinlleg cog_) axidlis g-tenzorral jellemezhet§

(gL= 2,0034 és g, = 2,0021) és j6l elkiiloniilt meréleges és parhuza-
mos sdvokkal (5-1.&4bra) rendelkezik. A Mn(II)-centrum jele mdr jé-
val Osszetettebb, mert az I=5/2-nek megfeleld hat megengedett hi-

perfinom-4tmenethez a g—tenzor, a hiperfinom—tenzor és a zérustér-

tenzor is ad jdrulékot. Mivel a g- és hiperfinom—tenzorok anizotro-
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5-1.dbra: A kalcit-por (Durcal 2) defekt—-centrumdnak ESR-csicsai

PE-alapi préselt kompozitokban: a mdgneses tér OO, 45°

. o . P, P . P

és 90 —-os szdget alkot a préselés direktoraval.
pidja kicsi,a jelalak els8sorban az axidlis szimmetridjd zérustér-—
k6lcsdnhatdstdl fiigg, melynek hatdsdt a perturbdcidszdmitds harma-

dik kozelitéséig vessziik figyelembe [116-117]:
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B_(5) = By~ AM- (A2/230)<1(1+1) % + 8DM(2 - 3sin’%) /B.)

0 0

(5-1)

- (DZ/B('))(U - AM/B) sins - 2(1- 9AM/BO)sin22%) ,
ahol 9 a szimmetriatengely szdge a mdgneses térrel, BO a g=2-nek
megfeleld rezonanciatér, A az izotrop hiperfinom-dllandé, D a zé-
rustér-kdlcsdnhatds axidlis komponense mT egységben kifejezve, M
az Mn55 mag migneses-kvantumszdma. Az M=5/2, 3/2, 1/2, -1/2, -3/2
8s =5/2 értékekhez hat megengedett hiperfinom—vonalszerkezet tarto-
zik. Az egyes szerkezeteken beliil névekvd tér—-sorrendben a 9= 90°
meréleges, a 5 =0° pdrhuzamos és a 9= 45° nem—fdirdnyd sdvok figyel-
het8k meg. A kiilénb6z8 M-értékd vonalszerkezetekben eltérd a hidrom
sdv szepardcidja, melyek koziil méréseink sordn a negyediket (M =
-1/2) vizsgdltuk, mert itt a hdrom sdv jdél elkiiléniil egymdstdl
(5-2.4bra).

Annak demonstrdldsdra, hogy a polimerek szerkezetétll fiigg
a tdlt8anyag rendezettségének mértéke polietilén (PE), polipropi-
1én (PP), polisztirol (PS) és PVC alapd kompozitokat vizsgdltunk.
Az egyes polimer kompozitok részletesebb jellemzését a mellékelt
kozlemények [A6,A7] kisérleti részében adjuk meg. Tolt8anyagnak két
kiilonbdz8 tipusd kalcit &8rleményt (Duréal 2 és Millicarb) haszndl-
tunk. A mintakészités sordn kétféle behatds idézett eld rendezett—-
séget: lemezpréselés és a préselt lemezb8l kivigott mintadarab meg-—
nyijtdsa. Lemezpréseléskor a rendezettségi eloszlds szimmetriaten—

gelye (direktor) a lemez normdlisdnak irdnydba (z-tengely) mutat,
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10mT

45°

90°

5-2.4bra: A negyedik Mn(II) hiperfinom—vonal sdvjai PE-alapd pré-

selt polimer kompozit ESR-spektrumdban, a mdgneses tér

00, 45° &s 90%-os szbget alkot a préselés direktordval.

tehdt a direktor és a folydsi irdny mer8leges egymdsra. Nydjtdskor
viszont a nydjtdsi irdny (x—tengely) lesz az eloszlds szimmetria-

tengelye, tehdt ekkor a direktor parhuzamos a folydsi irdnnyal,
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masszoval a vizsgdlt két esetben ellenkezd értelmd orientdcids el-
oszlds vdrhatd. Az elektronmikroszképos felvétel szerint (5-3.4bra)
a Durcal 2 porok kriétélyain kis lapocskdk figyelhet8k meg, mig a
Millicarb felvételén nem lathatd morfoldgiai jellegzetesség. Lemez-—

préseléskor varhatdlag a lapocskdk sikba fordulnak, azaz megndvek-

szik annak valdszinlisége, hogy a lapocskdk normdlisa padrhuzamos a

Durcal ‘2 Millicarb

5-3.4bra: A Durcal 2 por (balrél) és a Millicarb por (jobbrél)

elektronmikroszkdpos felvétele 6000-szeres nagyitdsban.



_51_

préselt lemez normdlisdval. Megnydjtds esetén viszont az varhatd,
-~ hogy a 1apocskék sikja 411 be pérhuzamosan a nydjtdsi irdnnyal,
azaz a lapocska normdlisa mer8legesen rendez8dik a direktorhoz ké-
pest.
Annak érdekében, hogy a préselés és a nylijtds hatdsira 1lét-
rejsvse fendezettséget kiilén tudjuk vizsgdlni, hdrom egymdsra merl-

leges tengely koriil forgattuk a lemez alakd mintdkat (5-4.dbra):

Magneses tér

L_ !

Bl <

ZIT/“ %

S
o]
\\Q}\\\ AN \QﬁJ

B A C

5-4.4bra: A préselés és nydjtds utdn kivdgott mintalapok forgatdsa
az (A), (B) és (C) elrendezésben, a vonalkdzds mutatja a
megnydjtds irdnydt. (A): a forgatdsi tengely pdrhuzamos
az x-nydjtdsi irdnnyal, (B): a forgatdsi tengely a lemez
sikjédban van és mer8leges a nyljtdsi irdnyra (y-korili
forgatds), (C): a forgatdsi tengely mer8leges a lemezre

(z-korili forgatds).
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(A): a forgatdsi tengely parhuzamos az x-nydjtdsi irdnnyal,
(B): a forgatdsi tengely a lemez sikjdban van és mer8leges a nydj—-
tdsi irdnyra (y-koriili forgatds),
(C): a forgatdsi tengely merdleges a lemezre (z-kdrili forgatds).
Mivel a goniométer forgatdsi tengelye a mdgneses térre merdlegesen
van felszerelve, ezért az (A) elrendezésben a forgatds sordn a meg-
nydijtdsi irdny végig merlleges marad a térre és csak a préselési
direktor irdnya valtozik. Ez a kisérlet tehdt a préselés dltal elé-
idézett rendezettségrdl ad felvildgositdst. Az 5-1. és 5-2.4brdkrdl
l4dthaté, hogy mind a defekt-centrum, mind a Mn(II)-ion jelében a
pdrhuzamos sdv amplitdddja nd, mig a mer8leges sdvé csdkken, ha a
tér irdnya parhuzamos a lemez normdlisdval. Ha viszont merlleges a
tér a lemez normdlisdra, akkor forditott irdnyd amplitdddvéltozds

kovetkezik be. A kalcit-egykristdlyokon végzett mérések szerint a
3

szimmetriatengelyei a c—kristdlytani tengellyel pdrhuzamosak. Ebbé&l

Mn(II)-ionok [112] és a €O defekt—-centrumok [113-115] migneses
kdvetkezik, hogy a mikrokristdlyok legjobban fejlett lapocskdira
egyardnt mer8leges (vagy azzal kis szdget alkot) a mdgneses szim—
metriatengely és a c-kristdlytani tengely.

A (C) elrendezésben, ahol a lemez z-normdlisa k&ril forgatunk
a tér irdnya végig merSleges marad a préselés direktordra és csak
a nydjtds x—irdnydnak. szOge vdltozik a mdgneses térhez képest. Eb-
ben a kisérletben tehat a nydjtdsi orientdcid hatdsdt a préselési
orientdcidtdl fiiggetleniil vizsgdlhatjuk. Ezeknél a forgatdsokndl

azt taldltuk, hogy a parhuzamos sdvok intenzitdsa akkor ndvekszik
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meg, ha az orientdcidt eldidéz8 megnylijtds x—irdnya merSleges a
térre, mig ha a tér a nydjtdsi irénnyal padrhuzamos, akkor a parhu-—
zamos sdv intenzitdsa lecsdkken. Ez azt jelenti, hogy a nydjtds
hatdsdra a mdgneses szimmetriatengely a nydjtdsi irdnyra (tehdt a
direktorra) mer8legesen rendezédik - szemben a préselésnél tapasz-
taltakkél —- ahol a rendez8dés a préselési normdlissal (tehdt a di-
rektorral) pdrhuzamos irdnyban ment végbe.

A (B) elrendezésben az y-tengely koriili forgatds sordn a
préselési direktor és a nydjtdsi direktor mégneses térrel alkotott
szbge egyarant valtozik, amiért Osszegz8dik a két orientdcids ef-
fektus hatdsa (ldsd 5-5.4bra).

A rendezettség k&antitativ mérését a spektrumok szdmitdgépes
szimuldldsdval oldhatjuk meg. E1ls8 lépésben a nem—-orientdlt por-
spektrumok szimuldldsira adunk eljdrdst. Legyen az egykristdly jel-
alak-fiiggvény G(Br(%) - B, AB), amely a Br centrum koriili Gauss-,
vagy Lorentz-gdrbét (pontosabban a fiiggvények B-szerinti derivdlt-
jat) jeloli AB félszélességi paraméterrel. Ekkor a por—spektrumot
a térszdggel ardnyos sin H—-val sidlyozott %fszerinti integrdléssal

kaphat juk meg:
m
s(B) = [ G(B_(® - B,AB)sin bdy . (5-2)
0

A defekt-centrum spektrumdt axidlis szimmetridjd g-tenzor foltéte-
lezésével szamitjuk. Ekkor a hy sugdrzds dltal latrehozott AMS= 1

Atmenet rezomnanciafeltétele (2-9)-bdl:
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5-5.4bra: PE-alapd
kompozitban a merd-
leges és'pérhuzémos
Mn(II)-sdvok ampli-
tdidévaltozasa (B)
elrendezésl mintafor-
gatds esetén, o-val
jelslt pontok csak a
préselt, az x—-szel
jelolt pontok a pré-
selt és nydjtott

mintdkra vonatkoznak.

hy = guzB (9) (5-3)

és felhaszndlva a g-faktor (2-6) definicidjdt axidlis szimmetria

esetén:
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h 2 2 -1/2 )
B (9) = ¥ (g2 cos?s + g2 sinZ ) /2 . (5-4)
T UB " an

A Mn(II)-jel szimuldlds4ndl a rezonmanciatér (5-1) kifejezését hasz-
ndltuk fel. Amig a defekt-centrum jeléﬁek szimuldldsa nem okoz ne-
hézséget, problémit jelent, hogy az Mn(II)-ion jelében a parhuza-
mos, merSleges és a 45%-0s savok szélessége nagymértékben kiildnbso-

zik. Ennek oka, hogy az er8sen szennyezett CaCO, kristdlyokban az

3
egyes Mn(II)-ionok kdrnyezete jelent8sen eltérd [118,119], amiért
a spektrum szerkezetét dontd mértékben befolydsoldé D zérustér-para-—
méter értéke centrumrdl centrumra valtozik. Hasonld elvek szerint,
ahogy kordbban a g- és hiperfinom—-tenzor komponensek statisztikus
eloszldsdnak hatdsdt a vonalszélességben figyelembe vettiik [120],
most a D eloszldsdnak vonalkiszélesitd hatdsdt adtuk meg Gauss—el-
oszlds esetén [A7]. Az integrdldst ily mdédon végezve, a Mn(II)-
centrumok spektrumdt is sikeriilt jé1 rekonstrudlni (5-6.4bra).
Részben rendezett mintdk spektrumdnak értékelésénél a mdgne-
ses szimmetriatengelynek az orientdcid direktordhoz képesti (ennek
szbgét jelsljik a tovdbbiakban 9'-vel) eloszldsfiiggvényét is szdmi-

tasba kell venni. Trigonometrikus Gauss—eloszldst tételeztiink fel:
1 s 2 1
P(%') = N.exp(a.sin” 9') , (5-5)

ahol az a-paraméter hatdrozza meg az eloszlds szélességét, és N a
normalizdcids egyilitthaté. Itt a elSjele lehet pozitiv, vagy nega-
tiv aszerint, hogy a rendezettség a direktorral pirhuzamosan (pré-
selés) vagy arra merd8legesen (nyujtds) torténik. Az eloszlds jel-

Kol

lemzésére az f rendparamétert haszndljuk:
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5-6.4bra: A Durcal 2 por ESR-spektrumdban a negyedik hiperfinom-
vonalcsoport szdmitdégépes szimuldcidéja. Kihidzott vonal
jelsli a kisérleti gdrbét, a pontok a szdmitottat, ahol
a paraméterek: g=2, A= 9,40 mT, D=8,0 mT, AD=0,8 mT
és AB= 0,04 mT.

f(a) = <3cos’ §' - 15/2 , (5-6)

melynek értéke tdkéletes pdrhuzamos rendezettség (egykristdly) ese-
tén 1, tokéletes mer8leges rendezettség esetén -0,5; és nem orien-

tdlt mintdkban O.
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A spektrum szdmitdsdhoz a mdgneses szimmetriatengely mdgne-—
ses térhez viszonyitott (tehdt 9-szerinti) eloszldsit kell ismer-
ni, amit az eloszlédsfiiggvények transzformdcidéjival [104,105] ad-

hatunk meg:

27
P'(8) = 1/27m [ P(s' (9))dy , (5-7)
0
ahol
9 () = cos—1(cosq). sin ®. .sin 9 +cos §.. cos §) (5-8)

0 0
és %o jeldli a mdgneses tér szdgét a direktorral.

Biaxidlis eloszlds esetén (préselés és megnyujtds egyiitt) a
két eloszldsfiiggvény szorzatabdl épitjiik fel az eredl eloszldasfligg-
vényt. A részben rendezett mintdk ESR-spektrumdt leird integrdl:

(i
s(B) = (f) P' (9)G(B_(®) - B,AB)sing d & . (5-9)

A kiilonbdz8képpen orientdlt mintdk ESR-spektrumdnak szdmitd-
gépes szimuldcidjdra az 5-7.4brdn mutatunk be két példat.

A kiilénb6z8 kompozitokban végzett rendparaméter mérések ered-
ményét foglalja Ossze az 5-8.dbra, ahol a kétféle rendezd hatds mi-
atti rendezettséget (fCM: préselés és fStr: megnydjtds) &brdzoltuk
a nydjtdsi ardny (g) fiiggvényében. Az dbrdn csak a Durcal 2 t5lté-
anyagra vonatkozd adatok szerepelnek. Millicarb tdlt8anyag esetén
csak kismérték{i (egy nagysdgrenddel kisebb) rendparamétert kaptunk.
Ez 6sszhangban van az elektronmikroszkdépos felvétellel, ahol a

szemcséken karakterisztikus morfoldgiai vonds nem lathaté. Az 5-8.

dbra fiigg8leges tengelyén 1év8 pontok a nem nydjtott (csak préselt)



5-7.4bra: Préselt PVC-alapd kompozit ESR-spektrumdban a negyedik
hiperfinom-vonalszerkezet szdmitdégépes szimuldcidja,
kihdzott vonallal a kisérleti, pontozdssal a szdmitott
gdrbéket jeldltiik; baloldali spektrumban a direktor par-
huzamos, a jobboldalin mer8leges a migneses térre, a

rendparaméter fCM==O,25.

mintdk rendezetfségét mutatjdk. Ekkor a rendparaméter a PVC > PE >
> PP ~ PS irdnyban csdkken. A kompozitok elasztikus tulajdonsdgai
miatt csak a PP és PE mintdkat lehetett jél megnydjtani (a PVC min-
tdkban a nagy mechanikai relaxdcidé jelentett nehézséget). A két
rendparaméter abszoldtértékének vdltozdsa mutatja, hogy mikdzben a
a megnylijtds sajdt irdnyban rendezettséget hoz létre, addig a pré-

selés kovetkeztében létrejdtt rendezettséget lerontja.
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5-8.4bra: A préselési rendparaméter (f

200
€(%)

300

cM

) és a nylijtdsi rend-

paraméter (fStr) vdltozdsa polimer kompozitokban a

nydjtdsi modulus fiiggvényében, A: PVC, O: PE, X: PP

és O:

PS.



5.3.

ESR-spektroszképiai médszert dolgoztunk ki polimer kompozi-
tokban a tdlt8anyag részleges rendezettségének kvantitativ megha—
tdrozdsira. A médszer alkalmazhatdsdgdt kiilonbdz8 kompozitokban
mechanikai deformdcidk hatdsdra 1étrejdv8 biaxidlis rendezettség
mérésével demonstriltuk. Eljdrdsunk az elsd spektroszkdpiai mddszer,
ami a toltdanyag rendezettség meghatdrozdsidra alkalmas és els8sor—
ban alacsonyfokd rendezettség esetén jél kiegészitheti a rontgen-—
diffrakcids technikdval szerezhetd informdcidt. A mdédszer tovdbba
lehet8séget nydjt mikrokristdlyos anyagok olyan vizsgdlatdra, me-
lyek egyébként csak egykristdlyos technikdval valdésithatdk meg:
meghatdrozhatd a migneses szimmetriatengelyek irdnya a krisztal-

litok lapjaihoz képest.
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6. FOTOKEMIAILAG GENERALT PEROXID GYOKOK OSZCILLALO KONCENTRA-
CIOJANAK DETEKTALASA ESR-TECHNIKAVAL

6.1.

Az ESR-technika molekuldk szerkezetének felderitése mellett a
kémiai kinetika hasznos vizsgdlati médszere is. Mindenekeldtt sza-—
bad gytkds reakcidk tanulmdnyozdsdndl lehet eldnySsen alkalmazni,
mert az ESR-spektroszkdépia alkalmas diamdgneses, és igy nem ESR-ak-
tiv kdzegben oldott igen kis keoncentrdcidjd paramdgneses anyagok
kimutatdsdra. Kinetikai vizsgdlatokban az ESR-spektrométer mint
egyszer( detektor szerepel: a vizsgdlt anyag spektrumdnak egy csi-
csat kivdlasztva és a migneses teret a csicsnak megfeleld értéken
rogzitve nyomon kdvethetjiik a gydkkoncentrdcid vdltozdsat. Itt ter-
mészetesen alapkdvetelmény, hogy a mérés sordn ne valtozzék a spekt-
rum alakja, hiszen csak ekkor ardnyos a mért amplitddd a koncentra-
cidval.

Bdr az ESR-kinetikai mddszert elterjedten alkalmazzdk gyokss
folyamatok tanulmdnyozdsdra [121-124], olyan esetrdl tudomdsunk
szerint nem szdmoltak be, ahol a gy6kkoncentrécié periddikusan val-
tozott, ha eltekintiink az olyan kisérletektél, ahol valamelyik be-
mend kisérleti paraméter (pl. fotokémiai kisérletekben a megvildgi-
tds intenzitdsa) periddikusan vdltozott [125]. Bizonyitottan kémiai
oszcilldcidt mutatd reakcidkat eddig csaknem kizdrdlag dtmenetifém-—
ionokkal katalizdlt folyamatokban taldltak [126—130]. ESR-mddszer-—

rel pedig, tudomdsunk szerint, eddig egy esetben szdmoltak be osz-
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cilldldé reakcid vizsgdlatdrdl, amikoris Falihbels ésRdiden [131] ko-
vette a Mn(II) ion koncentrdcidvdltozdst borostydnkdsav brdémozdsa
folyamdn. Az ESR-mddszer oszcilldcids reakcidk kutatdsédban vald
tovabbi felhaszndldsi lehet@ségét keresve kezdtiik el vizsgdlni a
Mn(II)-ion periddikus koncentrdcidvdltozdsit malonsav brdémozdsa
kazbeﬁ. Itt a célkitzés annak kimutatdsa volt, hogy oszcilldld re-
akcidk jégben és jég-viz elegyben is végbemennek [132].

Tovadbbi periddikus jelenségekr8l szdmoltak be fotokémiai
rendszerekben optikai spektroszkdépiai vizsgdlatok sordn [133-139].
Kés8bbi mérésekben azonban kimutattdk, hogy az ingadozdsi jelensé-
gek konvekcids instabilitdsokra vezethet8k vissza [140,141]. Ujab-
ban kumolban fotokémiailag generdlt peroxid gydkok koncentrdcid-
valtozdsdt vizsgdlva [142] periddikus jel-amplitddd valtozdst ész-
leltiink egyes ESR-kisérletekben. Minthogy az ESR-irodalomban hason-
16 megfigyelésrdl eddig nem szdmoltak be, érdemesnek ldtszik az ESR-
technika ilyen irdnyd alkalmazidsi lehet8ségével is foglalkozni. Nem
zarhaté ki, hogy esetiinkben is konvekcids instabilitdsok okozzdk a
peridédikus jelenséget, de mint alternativ lehet8ség a diffdzids fo-
lyamatok dltal vezérelt oszcilldlé is felmeril. A jelenséget és a

lehetséges magyardzatot a kovetkez8 fejezetben tdrgyaljuk.

6.2.

Kumolperoxid gydkdk fotokémiai generdldsdra antrakinon foto-
szenzitizdtort alkalmaztunk, amely triplett gerjesztett &llapotdban

hidrogén—-absztrakcid dtjén szemikinon (QH') és alkil (R’) gydkdt
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hoz létre [143]:

Q" + RH > QH' + R . | (6-1)

Az alkil gydk oxigén jelenlétében peroxid gydkké addiciondl:

R + O2 - R02 .

(6-2)

Az UV-besugdrzdst az ESR-spektrométer mikrohulldmi mérdire-
gében végezve -70 °C hémérséklet alatt a staciondrius gyokkoncent~-
rdcié elegendd a peroxid gydk g=2,015-nél megjelend [144] szingu-
lett csicsdnak detektdldsdra. A besugdrzdst megsziintetve a jel né-
hdny misodperc alatt eltlnik. A jéval rodvidebb élettartami R° és
QH® gydkdk jele nem detektdlhaté az alkalmazott kisérleti feltéte-—
lek mellett [A8].

A migneses teret a g = 2,015 jel csicsédndl rdgzitve kovetjiik
az amplitdddévdltozdst a besugdrzds folyamdn. A jel bekapcsoldst ko-
vetd periddusdnak felfutdsi sebessége és a staciondrius gydkkoncent-—
rdcid fiigg a megvilagitds erlsségétll, az oldott antrakinon és oxi-
gén koncentrdcidétdl, valamint a hémérséklettdl. A kisérleti elren-—
dezés fontos részlete, hogy a\megvilégités a kb. 40 mm hossziisdgi
és 4 mm belsd atmérd8jd kvarccs8ben 1év8 mintdnak csak egy részét éri
5= 25 mm hosszi tartomdnyban (ldsd 6-1.4bra). A fény behatoldsi
mélysége az antrakinon 330 nm-es sdvjdban az alkalmazott koncentri-
cidk mellett (10—2— 10—3 mol-dm—3) kicsi a minta vastagsdgdhoz ké-
pest [145], ezért kisérleteinkben a minta megvildgitott része min-

dig kicsi a sbtét tartomdnyhoz képest.
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6-1.4dbra: A mikrohulldmd mérliiregben tdrténd besugdrzds kisérle-
ti megvalésitdsa, a: megvildgitdsi nyilds, b: ESR ireg-
rezondtor, c: hdtéfeltét (Dewar), d: kvarc mintatartdcsé.
A megvildgitds sordn koncentrdcidkiilénbségek alakulnak ki a
so6tét és a megvildgitott részek kdzdtt. Nagy gydk inicidldsi sebes-
ség esetén a gyors felfutdst staciondrius szakasz nélkiil kdveti a
jel amplitdddjédnak csokkenése. A csdkkenési szakaszban sziineteltet-—
ve a megvildgitdst, majd djra inditva tdllovést figyelhetiink meg
(6-2.4bra). A tilldvés egyértelmllen mutatja, hogy a megvildgitott
tartomdnyban lecsdkken a lokdlis oxigén, illetve hosszabb megvild-
gitds esetén az antrakinon koncentrdcid is, majd a megvildgitds
megsziintével a diffdzid megndveli a lokdlis oxigén és antrakinon

koncentrdcidt. Az antrakinon koncentricidvdltozdsait az oxigén kon-



_65_

OFF

6-2.4bra: A g=2,015 peroxid szabad gytk csdcsdnak amplitdddéval-
. ” . - 3
tozdsa levegdvel telitett kumolban 810 3 mol/dm” ant-
rakinon koncentricié mellett -83 °C-on. A nyilak mutat-
jdk a megvildgitds kezdetét és végét.
centricid vezérli, mert elegend8 mennyiségl oxigén jelenlétében az

antrakinon szdzszdzalékosan regenerdldédik [143]:

Q' + 0, -~ Q + HO] (6-3)

2 2

mig alacsony oxigén koncentrdcidé esetén dihidrogénantracénné ala-

kul 4&t:

200" > Q + QH, - (6-4)
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Oszcilldld gyokkoncentrdcidt olyan esetekben figyeltiink meg,
amikor a lokdlis oxigén felhaszndlds és a sotét tartomdnybdl vald
visszadramlds egyensilya hosszd staciondrius szakaszt hozott létre
és az oldott oxigén koncentrdcidja kb. egy nagysdgrenddel volt ki-
sebb a kumolban levegéb8l oldhatd mennyiségnél. Az oxigén koncent-
rdcié csBkkenését argon buborékoltatdssal, illetve a zdrt csdében
valé hosszabb besugdrzidssal értiik el. Oszcilldld gydkkoncentrdcid

megfigyelésére a 6-3.4brdn mutatunk be egy példdt. Megjegyezziik,

f L 200s
ON

6-3.4bra: A g=2,015 peroxid szabad gydk jelének amplituddévaltoza-
sa 10—5 mol/dm3 oldott oxigént és 4'10'_3 mol/dm3 antra-
kinont tartalmazé kumolban -75 °C-on. A nyilak mutatjak

a megvildgitds kezdetét és végét.

. . e rd e o .o .o . ’” 2’ ’
hogy periodikus vdltozdsokat a =75 és -85 "C kozotti hémérséklet-
tartomdnyban tudtunk eldidézni, és a periddus id8 novekedett a hé-

mérséklet csdkkenésével (40 és 60 s kozdtti periddusid88ket mértiink).
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Az oszcilldcidk amplitdddja érzékenyen vdltozott a megvildgitott és
a s6tét tartomdnyok nagysdginak médositédsakor.

Mint emiitettﬁk, egyéb fotokémiéi rendszerekben egyes optikai
emisszids, vagy abszorpcids sdvok intenzitdsa periodikusan valto-
zott [133-139], de az ingadozdsi jelenséget nem valddi fotokémiai
oszcillicié idézte eld, hanem a megvildgitds miatt fellépd hémérsék-—
leti gradiens 4dltal keltett konvekcids instabilitdsok [140,141].
Ezeket a konvekcids instabilitdsokat azonban gyenge mechanikai réz-
kédds is megsziintette és ekkor az oszcilldcid is ledllt. Kisérlete-
inkben a mintatartdcsd kocogtatdsdval és forgatdsdval az oszcilléd-
cié nem volt megsziintethet$, ezért nem indokolatlan feltételezni,
hogy esetiinkben az oszcilldcidt mds jelenség idézi elé.

Az oszcilldcid alternativ magyardzatdt adhatjuk meg, ha fi-
gyelembe vessziik a gytkdk eltérd élettartamit és az oxigén ill. an-
trakinon eltérd diffizids sebességét. Induljunk ki abbdl az eset-
b81l, amikor a lokdlis oxigén koncentrdcid elég nagy az antrakinon
teljes regenerdcidéjdhoz és valamennyi alkil gydk peroxiddd oxiddléd-
dik. Mivel az alkil és szemikinen gy8kdk élettartama rovid [146—
148], ezért az oxigén felvétellel jard (6-2) és (6-3) folyamatok
déntd mértékben a megvilidgitott tartomdnyban mennek végbe, ami vi-
szont a lokilis oxigén koncentrdcié fokozatos csdkkenését okozza
(13dsd 6-4.4bra induld szakaszait). Amikor az oxigén koncentrdcid a
kritikus érték ald csodkken (6-4.4bra A és A' pontok), akkor megin-
dul az antrakinon (6-4) reakcid szerinti konverzidja, ami viszont

csdkkenti a gyok inicidlds sebességét. Kevesebb gydk generdlésa
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crifical

6-4.4bra: Az oxigén (folytonos vonal) és antrakinon (szaggatott

vonal oszcilldlé koncentrdcidvdltozdsa a minta megvi-

l4gitott zdéndjédban.
csOkkenteni fogja az oxigén felhaszndldsdt is egészen addig, amig a
felhaszndlt és az egyre ndvekv8 koncentrdcidgradiens miatt visszad-
ramlé oxigén mennyisége ki nem egyenliti egymdst (B pont). Az oxi-
gén koncentrdcid lokdlis csdkkenésének megsziinése azonban még nem
vezet staciondrius 4llapothoz, mert az oxigénhez képest lassan dif-
funddld antrakinon visszadramldsa ekkor még nem kompenzdlja a foto-
kémiai folyamatokban elreagdlt antrakinon teljes mennyiségét. Ko-

vetkezésképpen az antrakinon koncentrdcid tovdbb csdkken (BC sza-
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kasz) és igy az oxigén felhaszndlds is tovabb mérséklddik, azaz eb-
ben a szakaszban a koncentridcidgradiens miatt visszadramlS oxigén
mennyisége meghaladja az oxigén felhaszndldst. Ez okozza a BC sza-
kaszban az oxigén koncentrdcid dtmeneti ndvekedését. Ha a ndvekedés
sordn az oxigén djra eléri a kritikus koncentrdcidt (C pont) az
antrakinon (6-3) regenerdcidja ismét hatékony lesz, és igy az ant-
rakinon koncentrdcid is emelkedni fog. De a nagyobb antrakinon kon-
centrdcid gyorsabb gyok generdldshoz, és igy ndvekvd oxigén fogyds-
hoz vezet, amig az oxigén koncentrdcid djra nem sllyed a kritikus
érték ald (E pont).

A koncentrdcidvdltozdsok kinetikdjdban a fenti modellben fi-
gyelmen kiviil hagyott folyamatok is szerepet jdtszhatnak. Igy pél-
ddul az antrakinon koncentridcid csdkkenése mddositja a sdtét és a
vildgos tartomdny hatdrdt is az extinkcid vdltozdsa miatt. Emellett
a peroxid gytkdk termindcids folyamatai is szerepet jdtszhatnak. Cé-
lunk azonban nem egy kvantitativ modell kidolgozdsa volt, hanem an-
nak megmutatdsa, hogy a diffdzidval kombindlt fotokémiai reakcidk
nem egyenletesen megvildgitott rendszerekben eldidézhetnek periodi-

kusan vdltozd sebességl reakcidkat.
6.3.

ESR-kinetikai mdédszerrel els8ként mutattunk ki oszcilldlé gydk
koncentrdcidét fotokémiai rendszerben. Periodikus vdltozdst figyel-

tiink meg kumolbdl antrakinonnal szenzitizdlt hidrogén—absztrakcid-
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védltozdsdban az UV-besugdrzds ideje alatt. A jelenséget konvekcids
instabilitdsok, vagy diffidzids folyamatok dltal vezérelt fotokémiai

folyamatok okozhatjdk. Az utdébbi mechanizmusra kvalitativ modellt

dolgoztunk ki.



7. OSSZEFOGLALAS

Az értekezésben tdrgyalt legfontosabb eredményeket a kdvetke-

z8 tézisekben foglalom Gssze:

1.) Zeeman-, zérustér-, hiperfinom— és mag-kvandrupdlus-—
k6lcsdnhatdsokat tartalmazd spin-Hamilton—operdtor sajdtérték prob-
1émdjanak perturbdcids megolddsdra a koordindta-transzformicidt
projektor vektorokkal leird mddszert vezettiink be. Els8ként adtunk
meg mdsodrendld perturbidcids kifejezéseket az energidra, valamint a
megengedett és tiltott Atmenetek valdszinliségére olyan rendszerek-
ben, ahol a kdlcsbnhatdsi mitrixok nem szimmetrikusok. Az 4dltalunk
k6z61t megolddst szdmos laboratdriumban haszndltdk fel szdmitdgépes

programok kifejlesztésében.

2.) Megédllapitottuk, hogy sztatikus rendszerekben az ef-
fektiv spin szabadon vdlaszthatd bidzis-filiggvényei miatt a spin-Ha-
milton formalizmus k&lcsdnhatdsi mdtrixainak csak szimmetrizdlt a-—
lakja és determindnsa fizikailag mérhetd mennyiség. A mdtrix aszim-
metridval és a f8értékek eldjel vdlasztdsdval kapcsolatos tdbbérté-
kségi problémdk egységes tdrgyaldsdt adtuk a mitrixmechanika poldr-
felbontédsi szabdlyan alapuld szimmetrizdld eljdrds bevezetésével.
Kritikailag elemeztiik a formalizmus tobbértéklségével kapcsolatban
eddig kozdlt megdllapitdsokat és kimutattunk egy dj tobbértékiségi
jelenséget a zérustér— és kvadrupdlus—-kdlcsdnhatds tenzordnak féten-—

gely vdlasztdsdval kapcsolatban.



Kimutattuk, hogy izotrop folyadékokban teljes spekt-
roszkdpiai méréssel, azaz a vonalpozicidk és relaxdcids id8k t&bb
mérési frekvencian vald meghatdrozdsdval, a kdlesdnhatdsi matrixok
egyértelmien felbonthatdk skaldris, antiszimmetrikus és tenzoridlis
Osszetev8kre, tovdbb4d a sztatikus és izotrop forgdsokat végzd mole-—
kulék‘spektrumébél nyert iﬁforméciék Osszevetésével mddszert java-
soltunk a k&lcsonhatdsi midtrix minden elemének egyértelmd meghati-
rozédsdra. A spin-Hamilton formalizmus sztatikus illetve izotrop for-
gdsokat végz6 molekuldkra vonatkozé tdbbértékliségi problémdit mint
a szbg és impulzusmomentum mérésre vonatkozd bizonytalansdgi elv

kbvetkezményét értelmeztik.

3.) Anomdlis hdmérsékleti effektusokat figyeltiink meg a
cink(II)-bisz-L-hisztidin és a cink(II)-D-hisztidin-L-hisztidin
vegyes komplexbe vitt réz(II)-ionok ESR-spektrumdban. A jelenséget
molekuldris forgdst eldidézd8 Jahn-Teller hatdssal magyardztuk. A
bisz-komplex magasabb hémérsékleten megfigyelt folyadékszerd spekt-
rumdt a hisztidin-molekuldk tengely korili forgdsdval hoztuk Ossze-
fliggésbe, mig a vegyes komplexekben az anomdlis paraméter vdltozdst
torzids oszcilldcidval értelmeztiik. A spektrum fdzisdtalakuldsra
mutatd vdltozdsdt a viz-molekuldk rézhez koordindlt pozicidjidbdl
valé kilépésével értelmeztiik. A fdzisdtalakulds hiszterézisét a mo-

lekulaforgds dtrendezddést gdtld hatdsdra vezettitk vissza.



4.) ESR-spektroszképiai médszert dolgoztunk ki polimer
kompozitokban a tdltdanyag részleges‘rendezettségének kvantitativ
meghatérozéééra. A médszer alkalmazhatdsdgat kiilénbdz4 kompozitok—
ban mechanikai deformdcidk hatdsdra létrejvd biaxidlis rendezett-—
ség mérésével demonstriltuk. Eljdrdsunk az els8 spektroszkdpiai
médszer, amely tdlt8anyag rendezettség mérésére alkalmas és elsé-
sorban alacsonyfokd rendezettség esetén jél kiegészitheti a ront-
gen—-diffrakcids technikdval szerezhetd informdcidt. A mdédszer lehe-
téséget nyijt a szimmetriatengelyek krisztallit lapokhoz képesti

irdnydnak meghatdrozdsdra is.

5.) ESR-kinetikai médszerrel els8ként mutattunk ki osz-—
cilldld gyodk koncentrdcidt fotokémiai rendszerben. Periodikus val-
tozdst figyeltiink meg kumolbdl antrakinonnal szenzitizdlt hidro-
génabsztrakcidéval és azt kovetd oxiddcidval képz8d8 peroxid gyokdk
koncentrdciévdltozdsdban az UV-besugdrzds ideje alatt. A jelenséget
konvekcids instabilitdsok, vagy diffidzidés folyamatok dltal vezérelt
fotokémiai folyamatok okozhatjdk. Az utdbbi mechanizmusra kvalita-

tiv modellt dolgoztunk ki.
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Second-Order Perturbation Treatment of Spin Hamiltonian for Low
" . Symmetry

A. ROCKENBAUER AND P. SIMON

Central Research Institute for Chemistry of the Hungarian Academy of Sciences,
H-1025 Budapest

Received January 23, 1973

An equation is reported, based on second-order perturbation theory, for the
energy levels of the spin Hamiltonian for low symmetry. The principal axes of the
different tensors in the spin Hamiltonian possess arbitrary directions. The angular
dependence of the transition probability up to first order is given for randomly
oriented samples.

Recently second-order perturbation formulas have been reported for the resonance
field of the orthorhombic ESR spectra of Cu(Il) (Z, 2). For low symmetry the problem
has been solved using a first-order (3) perturbation procedure; now we present the
energy formula obtained by a second-order treatment.

We consider the following spin Hamiltonian, given by Abragam and Pryce (4):

Hs=pS'gH+SD-S+I-A-S+1-P-1, [1]
which consists of a Zeeman term, a zero-field term, a hyperfine term, and a quadrupole
term. In the case of rhombic symmetry all the tensors in Eq. [1] are symmetric matrices
and their principal axes coincide, while for low symmetry the principal axis systems may
be different from each other and tensors g and A are real matrices (3, 5). We suppose
that the Zeeman term is much greater than the other terms and the hyperfine term is
much greater than the quadrupole term. Our calculations have led to the following
results
Epg, m, = BgHo Ms— (1/2) DI[S(S + 1) — 3M 3]

+ (1/BgHo) {—(1/2) (D3 — D) M[4S(S + 1) — 8M 5 — 1]
+(1/8)(TrD?> —2D3 + D} —2D?, det D) Ms[2S(S + 1) —2M 3 — 1]}
+ AMs M+ (1/fgHo) {(1/2) (A7 — A%) Ms M7 + (1/4) [Tr (A-A) — AF] Ms[I(I + 1) — M }]
—(1/2) (det A/4) M,[S(S + 1) — M3} — (1/2) PII(I + 1) — 3M[]
+ (1/AMs){—(1/2) (P} — PT) M, [4I(I + 1) — 8M } — 1]
+(1/8)(TrP? —2P3 + P} —2P2 detP) M, [2I(1 + 1) —2M 2 — 1]}, [2]
where
g*=(h-g-gh),
grA? = (h-g'A-A'g'h),
g2 A* A2 = (h-g-A'A'A"A'g'h),
"g*Di=(h-g-D"-g-h),
ngng — (h'g';&-P"'A'g'h),

h=H/|H| = H/H, = (sin § cos ¢, sin 3 sin ¢, cos 3), [3]

9 and ¢ are polar angles; g and A denote the transposed tensors.
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Constants g and 4 were introduced by Bleaney (6). These constants have a more
general meaning in our treatment since tensors g and A are not necessarily diagonal.
The additional constants 4,, D,, P, have been constructed from the tensors g, D, A, P.
Assuming identical principal axes for the tensors in question, we have reproduced
Bleaney’s results for axial symmetry (6) and Sakaguchi’s results for rhombic symmetry
).

Upon applying a radio frequency field H, ;. perpendicular to H, different transition
are induced. The probability of the first order transitions (AMs=1; AM;=0) for
randomly oriented samples is

Whigmg—1= ”<Ms‘ﬁs'g'Hr.f.!Ms -2

. =1/ H [S(S+ 1) — My(Ms— D](Tr (g-g) —gd), B3]

where
g*gi=(h-ggggh.

For axial symmetry Eq. [3] is in agreement with the results of Bleaney (7) and
Kneubiihl (8). A different formula has been derived by Johnston and Hecht (9) for
rhombic symmetry, which seems to be unable to reproduce the well-known expression
for axial symmetry.
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Perturbation solution of the spin hamiltonian of low
symmetry using the projector technique

by A. ROCKENBAUER and P. SIMON

Central Research Institute for Chemistry of the Hungarian Academy of
Sciences, H-1525 Budapest

(Received 19 October 1973 ; revised 2 Fanuary 1974)

Second-order perturbation solutions of the spin hamiltonian
Hs=upS.g.B+S.D.S+1.A.s+1.P.I

are presented for the case of most general symmetry conditions, when the
principal axes of the different tensors may be non-collinear and the tensors
g and A may be asymmetric. In order to obtain a concise formalism we
introduce projectors on the quantization directions of the electron and
nuclear spins, which make the determination of complete Euler transforma-
tion matrices unnecessary. 'The angular dependence of the intensities are
discussed both for the allowed and differentfirst-order forbidden transitions for
randomly oriented samples.

1. INTRODUCTION

In his classical work [1] Bleaney gave a second-order perturbation solution
to the eigenvalue problem of the spin hamiltonian for axial symmetry. For
general symmetry conditions the problem is discussed in the book of Abragam
and Bleaney [2] but only first-order expressions are given. The recently
developed more accurate computer simulations of electron spin resonance spectra,
however, require the inclusion of higher-order terms. This explains the simul-
taneous appearance of papers on this topic [3-11]. For rhombic symmetry,
second-order solutions were given by Azarbayejani [3], McClung [4], Golding
[5], Sakaguchi et al. [6] and Lin [7] when the principal axes of the tensors in the
spin hamiltonian coincide ; by Kirmse et al. [8], Pilbrow and Winfield [9] and
Golding and Tennant [10] when one or more principal axes of the symmetric
tensors g and A do not coincide ; by Rockenbauer and Simon [11] when the
tensors g and A are not symmetric.

For accurate simulation the angular dependence of transition probabilities
should be also considered. The formula for axial symmetry was given by
Bleaney [12], for rhombic symmetry by Kneubiihl and Natterer [13], Johnston
and Hecht [14], Pilbrow [15], Golding et al. [16], Abragam and Bleaney [2],
Sakaguchi et al. [6] and Rockenbauer and Simon [11]. Since the large number
of papers published on this topic concern only part of the problem, a systematic
study of the perturbation solution of the spin hamiltonian seems to be justified.
Therefore we give, up to second order, a perturbation solution to the eigenvalue
problem of a relatively complex spin hamiltonian consisting of a Zeeman term,
a zero-field term, a hyperfine term and a quadrupole term. We obtain formulae
for allowed and different kinds of forbidden transitions.

M.P. 4p
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Generally in the perturbation treatment of the eigenvalue problem different
coordinate systems are used for the electron and nuclear spin vectors, and the
transformations between the different coordinate systems are described by Euler
matrices. These Euler matrices are not unambiguously defined, since in the
coordinate systems only one direction, the so-called quantization direction, is
determined. Moreover, in the case of low symmetry, the subsequent application
of Euler matrices results in very lengthy formulae. In order to obtain a more
concise formalism we alter somewhat the usual calculation technique. In order
to avoid these inconveniences, Rae [17] proposed an algebraic method, which
was applied by Golding [5] to derive the second-order expressions. Now we
suggest another and more concise formalism where the perturbation terms are
derived by simple geometrical means, namely, we use unambiguously defined
projectors on the quantization directions instead of complete Euler transforma-
tion matrices.

2. THEORY
2.1. Spin hamiltonian

In this paper we investigate the following spin hamiltonian :
Hg=ppS.g.B+S.D.S+1.A.S+1.P. L (1)

The direct nuclear Zeeman term is neglected. We suppose, moreover, that the
Zeeman term is much greater than the other terms and the hyperfine term is much
greater than the quadrupole term. In the genecral case, tensors g and A are real
matrices while D and P are symmetric matrices [2]. If tensors D and P were
both asymmetric, their antisymmetric parts could be incorporated into the
corresponding Zeeman terms. T'o avoid ambiguity we give a detailed expression
of the spin hamiltonian (1) where the above conditions are taken into account :

H 5= ppiSeBr8on+ SeBy8ay + SeBofunt SyBagyz+ SyBygyy
+SyB.gyet S:Bofer+ SiBygay + S:Boga} +{S* D + 5,2 D,y
482D, +(S,S, +S,S,)D,, + (5,5, + 8,5,)Dpu+ (S,S,+ S,5,)D, .}
(IS, A, + S, Ay + 1,8, A+ [,S, A, +1,5,4,,+1,5,4,,

et yx yUyTTYY

+ IZSZAZI + IZSUAZU + IZSZAZZ} + { IxZPZJZ + I][2P + IZZPZZ

vy

+ (Ll + 1) Poy + (L L+ LI P+ (1, 1+ L1 P} (2)

2.2. Transformations and projectors

In order to obtain the most suitable form of the spin hamiltonian we introduce
two special coordinate systems : (x;, ¥;, 27) and (x,, ¥,, 2;). We fix the axes 2,
and z, to be parallel to the vectors g . B and A . g . B, respectively. These axes
will be used as quantization axes for the electron spin S and the nuclear spin L.
The directions of axes x;, y;, x5, ¥, are left unfixed. The transformations from
the laboratory (%, y, &) system, in which the spin hamiltonian (2) is given, into the
(%1, Y1, 21) and (x,, ¥, 2,) systems are represented by the real unitary matrices
T and T'. For the sake of more concise notation we consider the T and T’



= 89 -~

Spin hamiltonians of low symmetry 1115

matrices as arrays of three orthonormal row vectors, namely
"
T, T,

T=|T,| and T'=|T, |,
T, T

where

and

Ti=(Ti1’ Ti2r Tia)
, i=1,2,3. (3)

Ti’ = (Tu" Tizl, Tis’)

The vectors defined by equation (3) are projectors, which facilitate the descrip-
tion of transformations. Let us transform the electron spin and nuclear spin
vectors :

and

S=T.S® o S=SO T-1
. 4)

I=T7 . I® or I=I®. T-1

According to equation (3) these transformations can be rewritten, using
projectors :

and

S,=T,.S®, S =T,.S®, SZ=T3.S<1>}
(%)

L=T/.I®, [ =T,.1I® L=T,.I®,

where the superscripts show the coordinate systems in which the spin vectors are
given. We do not use different notations for row and column vectors ; their
form can be seen from their position in the products. Since matrices T and T’
are unitary the transformation of row vectors :

S,=S® . T, S,=SO.T, S§,=S0.T,
and (6)
Ix'__ 1(2) . T1’r ‘Iy= 1(2) . Tzl, Iz= I<2) . T3"
Moreover the transformation of tensors D and P can be rewritten as
D’ik=T’i . D(l) . Tk
and (7)
P,=T,.P®, Tk’.l

According to equations (5), (6) T; and T,  vectors give the projections onto
the z; and z, axes, resp. Therefore

T,=g.B/|g.B|=g.b/g }

T,/=A.g.B/|A.g.B|=A.g.b/(4dg)=A.T,/4,

and

(8)

where

b=B/|B|=B/B,; g=[g.b|; Ag=|A.g.b|
4p2
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Substituting the absolute value of the vectors By scalar products we obtain
gi=(b.§.g.b); A%=(b.§.A.A.g.b), (9)
where symmetric matrices are constructed from the non-symmetrical g and A
and from their transposed matrices § and A. »
As for the other projectors T, T,, T,’, Ty, they are parallel to the untixed
%1, Y1, X, Vg aXes, respectively.  Since we use orthogonal axes :
TyxT,=T, and TyxT,/=T,". (10)
Though equations (10) do not give an unambiguous definition for the projectors
Ty Ty, Ty, Ty, they can be used to eliminate the undetermined projectors, since

the solution of the eigenvalue problem should not depend on the arbitrary choice
of coordinate transformations.

2.3. Eigenvalue problem

In carrying out the perturbation calculation, we consider the terms of the spin
hamiltonian as follows.

2.3.1. Zeeman term

Introduce the transformation T :
Hy=ppS.g.B=p,B,SY . T-1. g.b. (11)
According to the definition of T

thus we obtain
Hz=ppBogS,,
Using the eigenfunctions and eigenvalues of S, ,
S| M) =Mg| M),
we obtain
Ey=E?=puB,gM;. (12)
2.3.2. Zero-field term
Hy=S.D.S=SV T-1 . D.T.SO, (13)
Introducing the following symbols
Se, =S, +iS,,; To=T,+iT,

and considering that Tr D= D, + D,y + D35, =0, the zero-field hamiltonian can be
written as

H,:=33S,2—-S(S+1))T; .D. T3+4S,2T_.D.T_
+iS"'12T+ .D . T++%(S+LSZx +SzlS+1)T~ . D . T3
+ 35S, +5,5 )T,.D. T, (14)

R S
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Regarding the zcro-ficld terms as a perturbation, we have as the first-order

approach
Byt = (M| H 0| M) =3(3Ms*— S(S+1))Ty. D . Ty,
where
T,.D.T,=(b..D.g.b)g*=Dp2
that is
E#=13Ms*— S(S+1))D,2 ‘ (15)
The second-order approach is
pae oy MM M| M
* s Ef( M)~ Ef(Mg') a7z, ppgBo(Ms—My')
=(ppgBo) M| T, . D . T2 [KMs—1|S_S, + 5, S [Mg)[*
—HT.D. T2 [KMg+1|S.,S, +S,,S., | Ms>|?
+ 55 |T,. . D. T |?[{Mg—2|S_2|Ms)|?
& |T_. D . T_[2[(Ms+2[S, *[ Mg |*}

By using the relation
Sy |Mg>=(S(S+1)— Ms(Ms +1))12| Mg+ 1), (16)
and the fact that T, and T_ are complex conjugates, we obtain
By = (upgBo) ™ — EM(4S(S+1)—8M2 —1)[T, . D . T2
+3M(2S(S+1)-2M2~1)|T,.D . T |2} (17)
Here
IT..D.T,]2=(T,.D.T,)2+(T,. D . T,)*+(T; . D . T3)*—(T; . D. T,)*
=|D.T4)2—(T,.D. T;)2=(Ty.D?. T3)—(T;. D. Ty)?
=D,*—D* (18)
and
IT,.D.T,]2=(T,.D.T,2+(T,.D.T,2~2T,.D.T,)(T,.D. Ty)
+4(T,.D.T,)=|D.T,|2—(T,.D.T;)2+ |D. T,|?
—(Ty.D . T,)2—2(Dy; WDy — D, WDy, W) =Tr (DW)?
—2|D.T3]2+(T;. D . T,)2—2(D®1)y, det DO =Tt D?
—2(T;.D2. T))+(T,.D.T,)2—2(T; . D1 . T3) det D
, (b g 1;;1 g
since Tr D and det D are invariant under coordinate transformation. Here

(b.§.D%.g.b)/g?=D,?; (b.§.D1.g.b)/g*=D_2

b
=Tr D2—2D,%+ DA — )detD, (19)
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Substituting equations (18), (19) into equation (17)
By = (npgBo) {— 1 Ms(4S(S+1) = 8Mg* — 1)(Dy? — Dy*)
+3(Tr D2—2D,2+ D*—2D_;2 det D)Mg(2S(S+1)—2Mg*—1)}.

2.3.3. Hyperfine term
.#ht:I.A.s:I.A.T. s(l):I.A.Tlsxl+I.A.T2SU’
+1.A.T,8, =1.A.T,S, +1.A.T,S, + 41,5,

since from equation (4)
I.A.T,=41.T,/=41,,.

Moreover
[.A=I® . T A=, T/ A+, T, A+ TS A,

and introducing the following symbols :
I,,=1I,+:il,; T, =T,/ +iT,,
we obtain
Hpg=AS, L, +3S, LTS A T_+1S_I T, A.T,
+3S, I, T A T_+{S_I. T, AT, +45 1. T A T

+1S_ I, T/ .A.T,.

+27 —

(20)

(21)

(22)

Taking the hyperfine term as a perturbation, we obtain as the first-order approach

21722

(23)

where M; and |M;) stand for the eigenvalue and the eigenfunction of operator

I,,, while lMS, M;> is a product wavefunction.
By using the relation
I, |Mpy=(I(I+1)—M{(M;+ 1)) M +15,
the second-order approach is
Ejpt=¥ |{Ms, M| #ne| Mg/, M5 |
i METEMs Ey(Mg)— Ey(Ms')

=(upgBo) ME|Ts' . A T_|2<{ Mg, M,|S, I, |Ms—1, Mp)|?

— 3Ty AT (M, My |S_, L, |Mg+1, M|

+ 4| T AL T_|?| Mg, M| S, I ,|Mg—1, M;— 1>]2

=145 AL TR Mg, M| S_ I, |Mg+1, M;+15?

+ 4Ty AL T2 (Mg, M| S, I_|Mg—1, M;+ 12

— 15| T- AT [B[{Ms, My|S_, L, |Ms+1, M;—1[%}
=(upgBo) M3 |Ty A T PM M2+ ([T AT,

+|T AT P)M(I(T+ 1) - M2+ 3(|T. AT [?

— T2 AT BD)M(S(S+1)— Mg™)},

(24)
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where

T, A T, 2=(Ty A T +(Ty A T2 +(Ty . A. T, —(T, . A.T,)"
1 A A A 9
~ (T B A A A.T)—(T,. KA. T,p

=(b.§.A.A. A A. g.b)/(g24?
—(b.§.A.A.g.b) (g4
= A2— 42, (25)
where the following notation is introduced :
g2A2A2=0b.§.A. A . A.A.g.b)
Moreover
T, . A. T, ]2=(T/ . A.T,FT, . A . T,)2+(Ty .A.T,+ T, .A.T,)?
(T A T2+ (Ty A . T)FAT, . A.T)(T, . A. T,y
+2(Ty A . T)(T,/ . A.T,)+(T, . A.T,)
H(T A T,)2=|A . T2~ (T, . A.T,)2+|A. T,2
—(Ty A . T,)2+2[(T,/ . A.T,)T, .A.T,)
—(T, . A.T)(T,/ . A.T,)]
=Tr(A.A)—(T,. A A . T,)— [T] AP +(Ty . A. T,)?
FAT/ xTY). [(A.T)x(A.T,)]=Tr(A.A)
—(Ty. A A.T,)—(1/4%)|T,. A. A2
+(1/A2)(T, . A A . T,)2F(2/4)(T,. A)
Xx[(A.T)x(A.T)]=Tr(A.A)—4,2
F(2JA)det A.  (26)

Substituting equations (25), (26) into equation (24) :
Ey*=(upgBy) M3(As* — A*) MM+ 4[Tr (A . A) = APIMg[I(I+1) ~ M,*]
—3(det AJA)M[S(S +1)— Mg?]}. (27)
2.3.4. Quadrupole term
H =12 .T1 . P.T . I®, A (28)
The quadrupole term is analogous to the zero-field term, only S is replaced by
I, Dby Pand T by T'. On the other hand, the quadrupole term is taken as a
small perturbation compared to the hyperfine term, while the zcro-field term
has been taken as a perturbation compared to the Zeeman energy, and thus the

denominator in the second-order expressions is AMj instead of puggB, Re-
writing equations (15), (20) we obtain

E v =1P23M?>*— I(1+1)] (29)
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and
Byt = (AMg) ™ — (P2 — PAYM[41(I+1)— 8M2 1]
+3[TrP2—2P2+ P*—2P 2det PIM,[2I(I+1)—2Mz2—1]},  (30)

where

gA?P2=(b.§.A.P" . A.g.b), n=—1,1,2

2.3.5. Crossed terms

From the three different perturbation terms discussed above three types of
quadratic crossed terms can be formed. Among these only the cross term of the
zero-field and hyperfine interaction gives a second-order contribution to the
energy. According to perturbation theory :

F.2%, hi_ (Mg, My| #ye|Mg', My<{Mys', My|H ,¢| M, My
? My FMs E(Mg)— Eo(Ms')

c.c. (31)

Applying equations (12), (14), (22) we obtain
E,2 b= — (upgB )" H(S(S+1)=-3MA)M,((T, . A.T,)(T,.D.T,)
+(Ty . A.TL,)N(T,.D.Ty)). (32)
Analogously to equation (18)
(Ty A T)(T,.D.T)+(Ty A .T,)T,.D.T,)=(T;’ . A.D. T,

’ 1 -~ A
~(Ty . A.T)(T, . D. Ty)=—5[(b. §. 8. 4.D.g.b)

—é(b. g.-A.A.g.b)b.§.D.g.b)]=4(D,—D,), (33)

where
g*A?D,=(b.§.A.A.D.g.b).
Combining equations (32), (33);
Ey®t M= (upgBy) L A(Dy — D )M (S(S +1) = 3Mg?). (34)

According to equations (12), (15), (20), (23), (27), (29), (30), (34) the com-
plete second-order perturbation formula is

Eyrg, mr=1pgBoMg—3D,*[S(S +1)—3M?]

+(usgBo) ™ — 3(Da? — D) M[4S5(S+1) - 8Mg*— 1]
+3(Tr D2—2D,2+ D,4—2D_* det D)M[2S(S+1)—2M*—1]}
+ AMsM;+ (upgBo) (4, — A*) MM ?
+HTr (A. A)— A2]Mg . [I(I+1)— Mp2]— (det AJA)M,
X [S(S+1) = M1} + (npgBo) " A(Dy — D )M [S(S+1) - 3M?*]
— 3P PU(I+1) = 3MP]+ (AMg){— 3(Po? — Py) M [4I(I+1)
—8M2—]+1(Tr P2—2P,2 + PA—2P_ % det P)M,[21(I+ 1)

—2Mp2-1)},  (35)
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where
#=(b.G.g.b),

g?A?=(b.§.A.A.g.b),
grAA2=(b.g.A. A.A. A g.b),
g?Adez(b. g.A.A.D.g.b),

g*D,2=(b.§.D".g.b), " 1 1 1.2
AP 2=(b.§.A.P'.A . g.b), |

b=(sin # cos ¢, sin ¥ sin ¢, cos &),
& and ¢ are polar angles.

2.4. Transition probability

We discuss in this section the allowed and first-order forbidden transitions.

Application of an oscillating magnetic field gives the time-dependent perturba-
tion :

H(t)=2ugS . g. B, cos wt, (36)

where B; and w stand for the amplitude and angular frequency of oscillating

field.

2.4.1. Allowed transition

First we discuss the transition probability when only the Zeeman term is
considered, then the unperturbed eigenfunction is |[Mg)>. According to the

time-dependent perturbation theory the first-order transition probability at
resonance is

Wirs, ss=|<{Ms|pgS . g . By|Mg'>|?
=pup?B 2| {(Mg|S . g.b'|Mg>|? (37)
where
b'=By/[Bre| =B/ B
Applying the transformation T introduced earlier, we have
$.g.b=S® Tt . g.b=§S, T _.g.b")
‘ +4(S_T,.9.b)+S5,T;.9.b" (38)
Considering the Mg —->Mg—1 transition ‘
Wars, ms-1= 1B | (M| Sy, [Ms—1)[*T_. g . b[?
=3B [S(S+1) - Mg(Ms—1)]|T_. g . b[%. (39)
Rewriting the angular dependent part
IT_.g.b'|>2=(T;.g.b")2+(T,.g.b")2=|g.b'|2—(T,.g.b")?
—(b.§.g.b)—(b.§.g.b)g?
=g %(b.gj.g.b)b".§.g.b)—(b.§.g.b")%}. (40)
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When the radio-frequency field is parallel to the constant magnctic ficld the
first-order transition is zero. In the following we restrict ourselves to the case
when b and b” are perpendicular.

It is convenient to evaluate equation (40) by intorducing an (x;, y;, =;) system,
where 2z, is parallel to b, and a transformation T”, which transforms the (x, y, 2)
system into (x;, y3, 23). Since b’ is perpendicular to b the components of b’
in (x4, Y3, 25) are (cos y, sin x, 0), where y fixes the direction of axes x3, y;. In
the case of single crystals the orientation is characterized by three Euler angles
3, ¢, x, where & and ¢ are the polar angles of the external magnetic field and x
gives the polarization of the oscillating field. In the case of randomly oriented
samples for a given & and ¢ the probability distribution is uniform in y. The
transformation matrix T” can be decomposed into row vectors similar to equation
(3). From the definition of T” it follows that

b=T"-1.b® }

and

(41)
bl =T/I__1 . b’(a)’

where

0 cos x
b®=|0|; b"®=|{ sin y |.

1 0
Applying the transformation T” we obtain from equations (40), (41)
[T_.g.b]2=(b'®.T".§.g.T"1.b'®)
—(b® T . §.g.T'-1. b ®)g
=cos? y(T,".§.9.T,")+sin?x(T,".§.g.T,")
+sin 2y(T," . §.9.T,)—g3cos x(Ty" . §.g. T,
+sin x(T3" . §. g. T, )}% (42)

For randomly oriented samples the transition probability can be obtained by
integrating over y :

g;?]T_.g.HPdX=%KT{.§.g.T{}HT;.g.g.TJ)
—& (7" §.9. T)P+(Ty" . §. 9. TP =H{Tr (3. 9)
—(T".§.9.T)—g*[|Ty". 5. g]*—(Ty" . §. 9. T")?]}.  (43)
According to the definition T;"=b, therefore
(T".§.9.Ty")=(b. §.g.b)=¢"

and } (44)
Ty . §.9>=(T3".3.9.3.9.T3)=(b.§.g.§.9.b)=g%%

where a new symbol g, is introduced.
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Combining equations (39), (43), (44) the transition probability is
Wi, us1= "B [S(S+1) = Mg(Ms—1)][Tr (§ . 9)—£:°]. (45)

2.4.2. Forbidden transition

When time-independent perturbation terms are considered beside the Zeeman
- energy, the unperturbed eigenfunctions | M) mix, which result in the appearance
of additional ‘forbidden’ transitions. In the following we discuss only the
most intensive first-order forbidden transitions. We investigate the different
perturbation terms step by step.

(a) First the effect of the zero-field term is considered :

%Z'{’“ '%Zf'
Denote by |.# ) the perturbed eigenfunction, the first-order approximation is
V | Mg (M| H 1| Mgy

Mgy =|Mg)+ —=, 46
s> = Ms> MsZ‘eMs guBo(Mg— Mg') (#6)
where the quantum numbers .# g and Mg have identical values.
The transition probability can be given similarly to equation (37) :
Woas, us=bnBe?|{M|S . g . b | M )| ) (47)

Since in a given |.#g) state the zero-field perturbation term mixes |Mg+1)
and |Mg+2) to |Mg), the transitions |A.#g|=2, 3 might be allowed in first
order. Supposing g <.#g— 2, the term containing S_, can be neglected from
the decomposition of S. g . b’ in equation (38). On the other hand, the term
~ containing S, might contribute to the transition probability if the tensor g is

anisotropic. A similar procedure, applied earlier, results in the following
formula :

[<Ms[ S, Ty . g b'[Mg)?=1}(g." — g*) Ms™ (48)

This term is only significant when g-anisotropy is large. Since we suppose a
small zero-field term the g-anisotropy is also small and this term can be neglected.
At this approximation the transition probability can be written as

BT g
Ao A 2up gBy(Ms— Mg — 1)
X | {Mg| Sy, I ys— H 1:So, | Mg |2 (49)

w

Since Mg < Mg—2, the following terms might give a contribution from the
zero-field hamiltonian in equation (14);

%(S+ISZ1+ Szls-f-l)(T_ . D . T3)’
(50)
1S, (T_.D.T.).

According to equations (49), (50) the following commutators have to be investi-
gated :

S (S Se +5:,84,) = (84,55, +5:,5, )4, = = 5.2 (51)

+1 2

S+1S+12—S+LZS+1=O' (52)
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Though the transitions |A.#|=2, 3 might be allowed in first order, the
transition probability W, ., 4 is zero owing to the commutation rule in
equation (52). Combining equations (49), (50), (51) we obtain the probability
for the |A.#g| =2 transitions :

pp®B.

W./lls, Ms—2 W IT g b ] ‘T D T3I2

—-2>|% (53)
Application of equations (16), (18), (45) gives

D.2—D.¢
M/ﬂs, Ms—2 WJIS, Ms—1 2_22‘—12 [S(S+ 1)— (ZWS“ I)UWS_Z)]" (54)
ps*g*By

(b) Next the hyperfine term is considered as a perturbation :

H g+ Hy,

then the perturbed eigenfunction |.#, .#;) contains the first-order mixture of
functions |Mg+1, M;+1) beside the main [Mg, M;) state. Owing to the
mixing of these states, first-order forbidden transitions |AZg|=1, |AZ,|=1
2, |A#;|=0,1 may appear. The first is a consequence of the
g- amsotropy, since from the decomposition of S . g . b’ in equation (38) the term
S, T;. g.b" may give a contribution to the transition probability. By using
the decomposition of hyperfine term in equation (22) and a similar argumentation
as carlier, the transition probnl)ility is

ZB
15%4 My, ML MB
#s, as—1"

rp*g*By? IT
X {<MS’ iMI

g.b'|?

— H Sy, [ Mg—1, My + 152 (55)
From the commutation rule
S8, —-8.5,=5,

and from equation (22)

, B ot
W, s Jt!ilzm Ty 0. 02Ty A T_|?

X [{Mg, M;|S, I+|Mg—1, M+ 1|2 (56)
For a randomly oriented sample we can use equation (48) and combining it with

equation (26) we obtain

ZB 2
Woae aog™t #1El= 3“_2’:3 g;jgz( —¢)[Tr (A . A) A2+ 2 det AJA]
B

x[S(S+1)—M(My—DI(L+1)—M,(M, +1)]. (57)
As concerns the transition |A#g| =2, |A#;|=0, 1 an analogous treatment

shows their probability to be proportional to the squares of matrix element :

<My, My — S, | Ms—2, MY (53)

\ 1,
+1
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Since S, commutes with all the pertinent terms of the hyperfine operator this
type of transition is forbidden at this approximation.
(¢) On completion of the previous hamiltonian by the quadrupole term

g+ S+ S s

additional forbidden transitions will appear. 'The perturbed cigenfunctions
|.# g, A ;> can be written in the first-order approximation

, | My, M SCM, | A0 My
Mg > = | Mg, M * « ,

(59)

then the transition is
Wag g™ "' = |{Mg, My|lupS . g.By
BzBrtz

T | (Mo MY\S | Mg — 1, =/Zzl>

Mg— 1,472

2

x|T_.g.b'|% (60)

Exploiting the separatability of the electron and nuclear spin parts of the
|.# g, M ;> functions and their orthogonal propertics, we obtain

| VAR I
My, A — . .
I, My H/Ms. Ms—1 ]usz(]‘/js_ 1)2/12([141—— M, )? (61)

2

T/V.zlls , Als—1

The matrix elements of the quadrupole operator can be cvaluated similarly to
that of the zero-field operator :

Py~ P!

Ay, MpEL
DArE =W hre TR

W 4 s, As—1

(2M, + VR[I(T+1) = My (M, + 1)]

4MPA(Mg—1)? (62)
and
TrP2—-2P2+P2_2P 2
Woye wer™t JtlizzI/VMs e I'r W2+ : 2 det P
, , oE
(D) MM DIUU 1)~ (M, £ 1), 22)] o

64 MA(Mg—1)2

3. CONCLUSIONS

A perturbation solution of the eigenvalue problem of the spin hamiltonian is
presented for the case of most general symmetry conditions. The energy eigen-
value is given up to second order, while the intensities are discussed both for the
allowed and different forbidden transitions for randomly oriented samples.

The calculation procedure is simplified by using projectors on the quantiza-
tion axes of the electron and nuclear spin vectors, which make the determination
of complete Euler transformation matrices unnecessary.
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Since our formalism involves the case when the tensors g and A are non-
symmetric, it is possible to draw a conclusion on the effect of the non-symmetrical
sature of these tensors on the angular dependence of energy and intensities of
lines. Kneubiihl [18] as well as Abragam and Bleancy [2] showed that matrices
g and A are not proper tensors in the case of low symmetry ; however, the angular
dependence of the Zeeman energy can be described by the proper tensor § . g.
Pilbrow and Winfield [9] studied the effect of asymmetry in the tensor A and
found that the experimental data are not sufficient for distinctions between A,
and 4,,. Our calculation shows that the expressions for the energy and transition
probabilities contain angular dependent quantities which consist only of sym-
metric matrices like §.g, §.A.A.g, etc. (See equation (35)). In other
words, the angular dependence of spectra can be described by proper tensors.

An interesting fact follows from the non-collinearity of the principal axes of
tensors g and A: the coordinate system, where the angular dependence of
hyperfine splitting can be written in a diagonal form, is the ‘ principal axes’
system of the tensor § . A . A . ginstead of the tensor A or A .A. Moreover in
the case of low symmetry, asymmetric g and A matrices may be used, and then
only the tensors § . g, § - A . A. g, etc. can be transformed into diagonal form.
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‘The ambiguity problems of the spin Hamiltonian are discussed. The matrices
in the spin Hamiltonian are found to be undetermined by a multiplicative Euler
matrix if only measurements in solid phase are considered. The application of
circularly polarized radiation or the detection of resonance at zero magnetic field
cannot resolve the ambiguities in the spin Hamiltonian, ENDOR measurements
partlyresolve them, while relaxation measurements inliquid completely resolve them.
The fact that supplementary information can be obtained from liquid phase measure-
ments is explained by the transformational property of the time-dependent Schro-
dinger equation under rotations of the spinor fields. The consequences of the
combination of data arising from different phases are analyzed. Second- and third-
order relaxation formulas are derived in the case of isotropic random rotation.

INTRODUCTION

The spin Hamiltonian, introduced by Abragam and Pryce ({), has become a powerful
tool in the concise description of paramagnetic resonance data. In this formalism the
matrix elements between the various states determined by the full Hamiltonian, which
describes the system, are represented by those of the effective spin (2). The different
interactions appear as bilinear or higher-order expressions of the magnetic field vector
and of the electronic and nuclear spin vector operators. The coefficients of these bilinear
expressions are, by using the usual notations, the matrices g, D, A, P, gx. The symmetry
of the full Hamiltonian determines the properties of the above matrices. If the symmetry
is thombic or higher the interactions are represented by real symmetric matrices
(“tensors”), while in case of low symmetry the g and A matrices can be asymmetric
(nontensorial) (3). As it is impossible to decide from single-crystal measurements
whether the g and A matrices are asymmetric or not, the question of asymmetry is
generally treated as an ambiguity in the spin Hamiltonian formalism. Another ambi-
guity arises when we discuss the relative signs of the principal values in the different
tensors. While the sign of the product of three principal values of a given matrix can be
measured, the individual signs remain unknown (2). McConnell (4) and Kivelson (5)
suggested a method of resolving the latter ambiguity: by comparing the average of the
three principal values of the matrix A with the isotropic hyperfine constant measured
in liquid phase. The validity of this method was questioned by Foglio (6), who stated
that liquid-phase measurements can yield information about the average of the absolute

* A part of this paper appeared in the Proceedings of the 18th AMPERE Congress, Nottingham,
1974, p. 125.
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value of principal values. Recently, Belford and Pilbrow (7) pointed out that liquid-
phase measurements may allow the determination of the asymmetry parameter of A
if the symmetry is monoclinic. Other methods of avoiding the ambiguity were suggested
by Kneubiihl (3), Abragam and Bleaney (2), and Ham (8). Kneubiihl proposed the
application of a circularly polarized magnetic field and the detection of zero-field
resonance, Abragam and Bleaney recommended the ENDOR method, while Ham
used an oscillating electric field.

The idea of Belford and Pilbrow (7) raises an interesting question: How much
supplementary information can be obtained on the spin Hamiltonian for a paramagnetic
ion with low symmetry, if the orientation of the paramagnetic molecule is time-depen-
dent? Belford and Pilbrow have discussed this question in connection with the isotropic
hyperfine constant when the symmetry is monoclinic. Combining of data measured in
different physical states involves difficulties, as solvent effects may influence the inter-
actions in question. Even if line position data from two different phases can be com-
bined, the number of experimental parameters is less than the number of independent
parameters, if no symmetry restriction is assumed. To overcome these shortcomings,
we extend the field by including the relaxation mechanism in liquid. We examine the
question whether relaxation parameters can be used to detect the asymmetry of matrices,
to give criteria for deciding whether solvent effects influence the magnetic parameters,
in order to resolve the ambiguity in the spin Hamiltonian when the data from both solid
and liquid phase are combined. We also examine the question whether liquid-phase
measurements can yield signs of the principal values of matrices in the spin Hamiltonian.

For this reason we first give a concise analysis of the ambiguity problem of the spin
Hamiltonian in solid phase, and then we discuss the effect of motion on the spectra and
derive relaxation formulas for paramagnetic molecules in liquids.

DISCUSSION
Let us consider a system described by the spin Hamiltonian

Ho=13SgB+SD-S+I-AS+T-P-1— I gu B, [

where g is the Bohr magneton, py is the nuclear magneton, B is the external magnetic
field, and the tilde denotes a row vector. The spin Hamiltonian consists of the electronic
Zeeman, electronic quadrupole, hyperfine, nuclear quadrupole and nuclear Zeeman
interactions; the respective matrices are denoted by g, D, A, P and gy, where g, A, and
gn are real, while D and P are real symmetric matrices (3). The actual forms of the above
matrices depend on the choice of the molecular frame and the spinor representation
for the S electron and I nuclear spin vector operators. We fix a molecular frame where
the coordinate axes can be defined by either the molecular geometry or the axes of the
unit cell. Components of the spin along the axes of the molecular frame are defined by
the standard spinor representation (9). In an arbitrary spinor representation the spin
Hamiltonian takes the form

r;/f’ = UJKU—l = Up Ungs_l'g'B + U’SSUS_"D‘ L/sSL/S—-1 + UliUI_l'A' USSUS_I
+ U AU P U0 — i U TU g B, (2]

where Ug and U are (25 + 1)- and (21 4+ 1)-dimensional unitary matrices, respectively,
and U= Ug ® U is their tensorial product. Since S and I are vector operators, the
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unitary transformations Ug and U, can also be represented by Euler transformations
Rsand R;:
UsSUs™ ' =8-Rg
and
U U =1-R,.
Then the spin Hamiltonian [2] is

Jf'=/.1BS'Rs'g'B+S'RS'D'RS'S+1'R,'A'RS'S
+T1-R-P-Ri-T— pnI Ry gy B. [3]

It follows from [1]and [3] that the transformation of spinor fields leads to transforma-
tion of the matrices in the spin Hamiltonian. This fact can be used partly to symmetrize
the asymmetric matrices, and partly to change the signs of the principal values of the
previously symmetrized matrices. Symmetrization can be carried out by the polar
decomposition rule (/0). Any real matrix M can be written as

MzR'Ms:Ms"R,’ ) [4]

where the M, and M," symmetric matrices are positive semidefinite and R and R’ are
real orthogonal (Euler) matrices. The decomposition is unique for M, and M,’, while
uniqueness of the real orthogonal transformations requires M to be nonsingular. Then
M, and R can be given as
M, = (F1- M), [5]
and
R=M"1(M-M)2=M-(M-M)~1/2, [6]

where the square root of a positive definite symmetric matrix is defined as a matrix
with the same properties (/0). Since the matrix equation M, > = M- M has eight different
solutions for three-dimensional matrices, we have eight different polar decompositions
if M, , can be considered nondefinite. The nondefinite M, , matrices can be formed by
multiplying the positive definite My matrix with the eight elements of subgroup D,, of
the rotational-inversion group

M, =M R, (7]

where the R, elements are: E (identity), C,~, C,*, C,% (rotations of 180° about the x, y
and z axes, respectively), | (inversion), and C,*-1, C,”-1, C,2-1 (improper rotations).
As M, 2= M;? and R? =E, the matrices M, and R, should commute. The R, and M,
matrices commute if they can be diagonalized by the same similarity transformation,
i.e., the rotational axes x, y and z belonging to group D,, should align with the principal
axes of symmetric matrix M;. The R, transformations defined by this way can be used
to change the signs of the principal values of M.

In Eq. [3] the transformations Rgand R, can be used to carry out the symmetrization
of matrices g and A. We can define the two real orthogonal transformations as

Rs=R, = +(g-g)""> ¢,
Ri=R, = +R,-(A-A)}2- A1,

where the signs are chosen to be identical with the signs of Det(g) and Det(A), respect-
ively, and accidental singularity of the g and A matrices is excluded. The above sign
convention ensures that matrices R, and R,’ represent proper rotations. In the case of

[3]
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singularity, symmetrizing transformations do exist, but their definition is ambiguous.
Since R, and R, are proper rotations in three-dimensional Euclidean space, it is always
possible to find their homomorphic image in the corresponding group of unitary
matrices. Applying these unitary transformations, we obtain the symmetrized matrices

gs=*(g-g)"?

A= +R - (A-A)/2. R, 7t 9]
It follows that we can write i
g= Rg'gs’
A=R,-A, (10]
where .
RA_—_;iRg.(A.A)l/Z.Rg—l.A—l' [11]

The same transformations, however, do not symmetrize the nuclear Zeeman matrix,
since generally two independent Euler transformations cannot simultaneously sym-
metrize three different matrices. The transformed nuclear Zeeman matrix is

By’ = R, (A A2 ATl gy, [12]

Let us now investigate the sign ambiguity. Among the elements of group D,, only the
proper rotations have a homomorphic image in the group of unitary matrices, i.e.,
the signs of Det(g) and Det(A) are invariant under transformations of the spinor field,
while the signs of the principal values of g, and A, are modified. This factis in agreement
with the result of Pryce (//) and Bleaney (/2), who found that the signs of Det(g) and
Det(A) can be measured by using a circularly polarized magnetic field.

Arbitrary choice of the spinor representations forms the basis of the ambiguity
problem. The available information depends on the physical phase of the system under
study and interactions therein. We shall first deal with solid-phase systems. We study
the system containing electronic Zeeman and hyperfine interactions, while the roles of
electronic and nuclear quadrupole and nuclear Zeeman terms are considered separately.

STATIC MOLECULAR SYSTEMS
In solid-phase systems the energy can be calculated from the time-independent
eigenvalue equation
HY = Eyr. [13]

Since # is invariant under any unitary transformation U of the spinor field, the trans-
formed eigenvalue equation is

HY = EY’, [14]

where ' = Uy. This means that the energy can be expressed in terms of the symmetric
g, and A, matrices given by Eq. [9], if besides the electronic Zeeman and the hyperfine
interactions the other terms can be neglected. Analyzing the perturbation formulas for
the energy (/3-16), a similar conclusion can be drawn; namely, all matrices occurring
in the formulas can be expressed in terms of g, and A,:

_ g'g=g527
g-AAg=g,A2g, [15]
g.A.A.A.A.g=gS.AS4.gS’ etc.
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The same holds for the probability of transitions induced by linearly polarized radia-
tion, which is proportional to

I<’pxls'g'3:f| Yaol|*= ]<¢’1’|S'gs'3rfl Pk [16]

if the amplitude of the radiofrequency field B, is small compared to the static magnetic
field.

Kneubiihl (3) proposed the application of circularly polarized radiation to determine
the asymmetry parameter of matrix g for monoclinic symmetry. He derived a formula
for the ratio of transition probabilities induced by the circularly polarized radiation
with opposite senses: :

W iest _ (g1 —g2)° ,
Wiigne (g1 + g2 + 4*

[17]

where g, and g, are the pertinent principal values of the tensorial part of the matrix g,
while v is the asymmetry parameter of g; direction of the static and propagation of the
oscillatory fields are taken parallel to the monoclinic symmetry axis. In his earlier paper
(3a), Kneubiihl concluded that the asymmetry parameter v can be determined from
Eq. [17], while in a subsequent paper (3b) he pointed out that » can be eliminated from
the formula by appropriate transformation. To clarify the question whether the applica-
tion of circularly polarized radiation can give information about the asymmetry of
matrix g, we examine the general case when no symmetry restriction is assumed. The
only restriction we make is that the oscillatory field propagates along the static magnetic
field. Then the transition probability is proportional to

Wier,m' = [<M + 1S g (b, + iby)| M2 (18]

="M+ 1|S-Ry-g-(b, +iby)| M|,

where | M) and |M)’ are the eigenfunctions of the time-independent Zeeman term in
the original and transformed frames, respectively, the orthogonal unit vectors b, b,, b
form a right-hand frame and b; gives the direction of propagation; while the sign in
b, + ib, corresponds to the sense of rotation of the oscillatory field. Introducing the
T,, T,, T; projectors onto the frame in which the electron spin is quantized (/4), we have

WM+1,MI =[S(S+1)— MM+ 1)]I(T1 —iT;) Ry-g- (b, + ibz)‘z,
and after some algebraic manipulation we obtain

Wyt m" =[S(S+1) — M(M + D] {Tr(g-g) — (bs-g-g-g-g-b3)/g* + 2 Det (g)/g},
[19]

where g = (b3-g-g-bs)"/2. In case of monoclinic symmetry, Eq. [17] can be derived
from Eq. [19]. Since the transition probability derived from Eq. [19] depends only on
symmetric matrices, the application of circularly polarized radiation does not yield
information on the asymmetry of g matrix; on the other hand, the sign of Det(g) can
be determined, which is in agreement with the result of Pryce (/7) and Bleaney (/2).

According to the previous discussion only the symmetric g, and A, matrices can be
obtained from the single-crystal measurements, while for unambiguous determination
of the asymmetric g and A matrices we must also obtain the Euler matrices R, and R,
in Egs. [10].
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Up to this point only the electronic Zeeman and the hyperfine terms have been
considered. The question arises whether the occurrence of other interactions can resolve
the above ambiguities. For example, according to Kneubiihl (3), the asymmetry of the
g matrix can be detected if the electronic quadrupole interaction is present. To discuss
this problem let us apply the transformation R, to symmetrize the Zeeman term. Then
the transformed electronic quadrupole matrix has the form

D’=Rg-D-Rg=(g-g)—lﬂ-g-D-g-(g-g)"“z. [20]

That is, irrespective of the magnitude of the electronic quadrupole term compared to
the other interactions, all angular dependent quantities in the energy can be expressed
in terms of g, A, and D’. This is also evident if we consider the formulas which are
valid in a strong magnetic field (/3-76), where the electronic quadrupole term is a
perturbation, and leads to parameters such as

gD g=g (D)g, n=-112 [21]
gA-A-Dg=g A>D g

For an intermediate magnetic field, where the electronic quadrupole and Zeeman terms
are of the same order of magnitude (and nuclear terms are absent), the above state-
ment can be confirmed most simply for the special cases S=1. Using the ‘“real”
representation:

[ =+ 1+ - D)V,
> =i+ 1 == 1)/V2,
|z>=10),
where |—1), |0), |+1) are the eigenkets of the operator S,, the secular equation is

E34+ 2, E>+2,E+ 23=0.

Here the invariants are

A =0,

Jp==Tr (D)2 — ps*(B-g>-B) (22]

23 =—Det(D) + uz*(B-g,-D’-g,-B).
Since the angular dependence of energy is expressed in terms of the matrix D" and not
D, we can only determine the principal values and directions for D’. Equation [20]
shows that D can be obtained from D’ by the Euler transformation R, i.e., while the
principal values of D are identical to those of the D’ matrix, the principal directions of
D’ depend on the unknown R,. In other words, there is a new type of ambiguity in the
spin Hamiltonian, which has not been discussed earlier: The experimentally determined
principal directions of the electronic quadrupole interaction can be different from those
of D defined in the standard representation if the symmetry is low. The origin of
ambiguity both for D and g is the arbitrary choice of spinor representation, which is
represented by the R, Euler transformation. Since this ambiguity was not recognized
by Kneubiih! (3), he presumed erroneously that the matrix D can be determined and
thus the asymmetric matrix g can also be calculated from the symmetric matrices g-g
and g-D-g.

An identical conclusion can be drawn, if we consider the angular dependence of

transition probabilities. Let us assume that we can observe the transitions in zero field
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for a system S= 1, and choose the x, y, z axes parallel respectively with the principal
axes of D. Then the |x), |y> and |z) kets are the eigenfunctions of the S- D-S operator.
The transition probability induced by the linearly polarized radiofrequency field B,
cos(wt) at resonance is proportional to
Wxayzi<xlg'g'Brf1y>|2:(R'g'Brf)z’ [23]
where the unit vector k is parallel with axis z. The transition probability is maximum
when the vector g-B,s = R, g;- B¢ is parallel to the principal directions of D, i.e., the
g,- B, vector, which is known experimentally, reveals the principal direction of D" only.
The above considerations show, contrary to the statement of Kneubiihl (3), that the
occurrence of the electronic quadrupole interaction cannot yield information about the
asymmetry of the g matrix. If, on the other hand, the effect of the nuclear Zeeman term
can be observed besides the electronic Zeeman and hyperfine interactions, then it may
be possible to indicate experimentally the appearance of asymmetry in the spin Hamil-
tonian formalism. As we have seen, the three matrices in question cannot generally
be symmetrized simultaneously. For this reason there appears a term

‘g"A'gN_‘_gN'A'g:gs'As‘gN,—i—gN"As'gss [24]
in the second-order perturbation formula (/6) that cannot be expressed as the product
of symmetric matrices. Since the symmetric matrices g, and A, can be determined, Eq.
[24] gives six independent linear relations for the nine elements of gy'. The above-
mentioned perturbation formula (/6) contains a further independent term for gy, a
function of

En8n=EN""8N'3 [25]
i.e., we have six additional quadratic relations for the elements of gy’, which makes
possible the determination of all nine elements of the gy’ matrix. However, determina-
tion of the gy’ matrix does not resolve the ambiguity for gy unless matrices g and A are
symmetric. If at least, one of these is asymmetric, the R,’ Euler matrix is different from
the unit matrix and consequently
gn =Ry g [26]
is still not determined.

EFFECTS OF MOTION
As we have seen, no information can be obtained about the asymmetry of the g and A
matrices if only electronic Zeeman and hyperfine interactions are present. Let us now
investigate the question whether information about the asymmetry of g and A matrices
‘can be obtained if the system is in motion. Here it is convenient to transform the spin
Hamiltonian from the system frame into a laboratory frame. Owing to the motion of
molecular system the transformed g’ and A" matrices are then time-dependent:

g'(t)=R(t) g R,
A'(t)=R(t)-A-R(¢)™,
where R(¢) represents the transformation from the molecular frame into the laboratory

frame. The dynamic properties of the system in motion is given by the Schriédinger
equation

[27]

in(@y/or) = (uyS"g'(t)- B +1-A'()-S) ¥, [28]
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where 2r/i is the Planck’s constant. Since the symmetrizing transformations R, and R,
are constructed from matrices g'(¢) and A’(¢), R, and R, as well as their homomorphic
images Ug and Uy become time-dependent. The question may arise whether Ug and U,
are time-dependent if we carry out symmetrization by the time-independent R, and R,
in the molecular frame. Then the spin Hamiltonian is

# =pugS-Ry g B+1- RA-.-AS-S
which, transformed into the laboratory frame, gives
H = 1S R() Ry ge  R(1)™ B +T'-R(t)- Ry- Ay R(1)1-S. [29]
By introducing the transformations

Ry/(1) = R(r)-Ry+ R(1)"1
» RA/(1) = R()* Ry R(1)1, 301
we obtain

=S R(1) g (1) B+ T -R()-AS(1)- S [31]

This means that Us and U are time-dependent again, unless R, and R, commute with
any R(z) Euler transformation. The commutation requires that R, and R, should be
constant matrices; consequently, g and A, defined in the standard spinor representation,
should be symmetric matrices.

Applying the time-dependent U(¢) and introducing Y’ = U(t)y, we have for the
Schrédinger equation: :

W' [at) = (us S’ g/ (1) B' + 1 AJ(2)-S' — ih(@U()/at) U™ )y'.  [32]

Here the new term ii[dU(¢)/0t]U(¢)™! conlains any asymmetry property of matrices
g'(t) and A’(¢) and, therefore, the asymmetry can conceivably be detected if the fre-
quency of molecular reorientation is comparable with, or larger than, that of the first
anisotropic magnetic term. The latter condition is generally fulfilled in liquids. Investi-
gate now the paramagnetic phenomenon in liquid phase and assume isotropic random
rotation. In the frame of relaxation theory (/7) the time-dependent Hamiltonian is
decomposed into two terms: a time-independent main term and a time-dependent
perturbation which has zero time-average. This decomposition cannot be achieved if
the symmetrized matrices g,(¢) and A;(t) are separated into scalar and traceless
tensorial terms, since in Eq. [29] R, and R, generally do not commute with R(7) and,
thus, all terms are time-dependent in this decomposition. For this reason we should
decompose the matrices g and A that are defined in the standard spinor representation.
Then the components of matrices g and A, which transform under rotation as scalar
vector and second-rank tensor are

g = gc + gv + gt’
33
A=A_+A +A,. 331
Here g, and A are constant, g, and A, antisymmetric, and g, and A, traceless symmetric
matrices. Then the spin Hamiltonian can be decomposed as
: H =g+ Hy(1), [34]

where
Ho=ppgoS B+ AoI-S [35]



- 109 -

AMBIGUITIES IN THE SPIN HAMILTONIAN 251

is the time-independent main Hamiltonian and

8o =Tr(g:)/3,
Ao =Tr(A)/3.

In contradiction with Egs. [36], Foglio (6) gives the time-independent part of matrices
gand Aas

[36]

go=14(2:| +2[g.]),
Ao = %(\A nI + Z‘A.LD

if the symmetry is axial. He argues that the time-dependent perturbation calculation is
valid if

[37]

lg, -8l < 1g0| and ’A T A_LI < | Aol [38]

Since these conditions are not fulfilled when the principal values have different signs,
he introduces transformations in the spinor fields, which are homomorphic with the
proper rotations C,% and C,*. Thus conditions [38] are fulfilled and Egs. [37] can be
derived. In the light of our discussion about the time dependence of Ug and U uniter
transformation, this reasoning is incorrect, since C,* and C,*, similarly to R, and R, in
Eq. [30], do not commute with the transformation R(z), which makes the separation of
time-independent and -dependent terms impossible. On the other hand, the time-
dependent perturbation procedure can result in a convergent series if the transition
probability per unit time is small, compared to the frequency difference between the
pertinent energy levels, which holds true whether or not the conditions of [38] assumed
by Foglio are fulfilled. Detailed discussion of the validity conditions of relaxation
theory is given in the Appendix.

‘We assume the high-field approximation, when the hyperfine term is small compared
to the Zeeman energy. Then the eigenvalues of the time-independent Hamiltonian are

Eg= upgoBoMs+ Ag Ms M, [39]

where B, is the absolute value of the static magnetic field B, M and M, are electronic

and nuclear magnetic quantum numbers, respectively. The frequency of the allowed
transitions [AMs| =1, AM;=01is

o = (Up&o Bo + Ao My)/h. [40]
According to the decomposition in Eqs. [33], the time-dependent perturbation has
the form
eyfl(t) =.uBS'gV‘B +I'AV’S +,uBS'gt'B+I'Al'S. [41]
In the second-order approximation, the terms in J,(¢) with different transformation
properties give separate contributions to the relaxation parameters. Using the density
matrix formalism (/7) and assuming the high-field approximation, we obtain the
following expressions for the (77)7!, (T,)~! relaxation times and the dw frequency
shift:
1T, = 1/T1,v + I/Tl,(s
YT, =1/Ty,,+ 1T, [42]
dw = dw, + dw,,
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where

Ty, =~— (i (@0)[67%){2p5* Bo* Tr(g,*) — 4piy Bo Tr(g,- A) M,
+Tr(APUU+ 1)+ MP)},

Ty, = (Jo(@0)/30A*){6us™ Bo® Tr (g,%) + 125 Bo Tr (g, A M,
+ Te (AU + 1) — M)},

1Ty, =3[T,, 17" — (J(0)/128*) Tr (AU + 1) — M}?),
_;_

T, =3{T1, 7" + (J2(0)/604) {81 B> Tr (g,%) + 165 Bo Tr (g A M,
+Tr (A2 GII + 1) + 5MP)},

ey = —(Ky(@o)/ 21 (o) [T, ],
S = —(Kx(00)/2J2(wo)) [T}, ]

Here J(w) and K;(w), j = 1, 2, are real and imaginary spectral densities. The derivation
of relaxation formulas is given in the Appendix.

'Experimentally, we can determine the frequency of resonance
= w, + w [43]

and the relaxation times 7, and T, for all |[AMg| =1, AM, = 0 transitions. Assuming
that S = 1, we obtain 3(2/ + 1) experimental data points. From these, we can determine
the invariants of the matrices in the spin Hamiltonian if the reorientational relaxation
mechanism is predominant and the J;(w) and K;(w) functions are known. It is a con-
venient assumption (/7) to make the reduced correlation function g;(r) = exp[—|t|/7;],
where 7; is the correlation time. Then

Ji(w) = 1;/(1 + w? sz),

Kiw)=—-120/(l + v*1?). [44]

Assuming the Debye theory is valid, we may have for the correlation time (18)
1 =8na’n[j(j+ VKT, j=1,2,..., [45]

where 7 is the viscosity, a the effective radius of the molecule, 7' the absolute temperature,
and k the Boltzmann constant. At low temperature, when viscosity and correlation
time are high, relaxation from random modulation of anisotropic effects is strong, i.e.,
the other relaxation mechanisms can be neglected. The resonance frequency and the
relaxation times are expressed in terms of the invariants:

Tr(g.), Tr(AJ);
Tr(g?), Tr(g-A),  Tr(AJ2); [46]
Tr (gtz)» Tr (g, A), Tr (sz);

i.e., we have to determine eight or three parameters depending on whether we do or do
not observe hyperfine structure. In case of hyperfine structure, the number of available
experimental data is 3(2/ + 1)n, where # is the number of applied frequencies (wave-
bands), where the resonance is'detected by sweeping with the static magnetic field.
Consequently, one waveband is required when 7 > 1 and two wavebands are necessary
if /=1 to determine the eight parameters in Eq. [46]. In the absence of hyperfine
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structure it is sufficient to carry out the measurements at one waveband as the necessary
three experimental data are available. Consequently it is enough to measure the
resonarnce frequency and relaxation times only in liquid to decide whether the g and A
matrices are asymmetric or not. By this we can avoid the difficulty arising from solvent
effects, which can modify the magnetic parameters. On the other hand, when the
solvent effects can be neglected the ambiguities found in the solid phase can be resolved.
There are two kinds of ambiguities: the sign ambiguity in the case of rhombic (or
higher) symmetry, and the question of matrix asymmetry if the symmetry is low. Since
in the case of rhombic symmetry g-g = g?, the three principal values of the g? matrix
(g:%.8,%8.°) can be determined and, consequently, the relation g, = (g + g, + £,),
where g, is taken from the liquid phase, can be used to decide the unknown signs. If the
sign of g, g, g, s determined by using circularly polarized radiation, all sign ambiguities
can be resolved. The same holds true for the signs of the principal values of matrix A.
In case of low symmetry the g2, g,%, g,> principal values of the g-g tensor cannot be
related to the g, value measured in liquid; i.e., there is no sign combination in the

relation
(18« + &y £ &)/3 = go. [47]

for which the equality holds. Consequently, from the deviation of Eq. [47] we can
conclude that, if the solvent effects are negligible, the matrix g is asymmetric but, on
the other hand, we cannot say anything definite about the relative sign of g,, g, g,.
Similar conclusions can be drawn about the matrix A (7).

From the relaxation measurements, however, we can determine the six additional
invariants (see Eq. [42]). Completing these data with 2 line-position data (g, and A,)
from the liquid phase and 12 data from the single-crystal measurements (g, and A)),
we have 20 experimental data for 18 independent parameters. Since g and A matrices
are given by relations g = R,-g,and A = R, - A,, the Euler matrices R, and R, are to be
calculated from the invariants obtained from liquid-phase measurements. The following
six independent relations can be given:

Tr (gs Rg) =Tr (gc) = Zo»
Tr(A;-Ry) =Tr(A) = A,,
Tr(g: Ry-8 Ry =Tr (g2 + 8> + &),
Tr(As- Ry A Ry =Tr(AZ+ A2+ AB2),
Tr(gs' Rg'As' RA) = Tr(gc'Ac + gv'Av + gt'At);
Tr(Re 8- A Ra) =Tr(geAc — g, A, + 80 A).

[48]

Since the number of experimental data exceeds the number of independent parameters
by 2, it may be possible to decide whether the solvent effects influence the magnetic
parameters. The two relationships between above invariants and those obtained from
single-crystal measurements are ‘

Tr(g?) =Tr(g” — g2+ g2),

Tr(A2) = Tr(AZ — A2 + A2). [49]

For spectra with no hyperfine structure, the number of experimental data is 9, as is that
of the independent parameters for the g matrix. Since there is one relation between the
invariants in Eq. [49], we need one more datum to determine all the elements of the g
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matrix. This difficulty can be overcome by investigating the spectrum at a temperature
interval where higher-order relaxation effects play an important role. Since we assume
isotropic random rotations, there should appear only rotational invariant quantities in
the relaxation expression. If we complete the equation of motion for the density matrix
by the third- and fourth-order terms (see the Appendix), we obtain the ensemble average
of terms in which three and four random Hamiltonians, respectively, are multiplied.

Using the decomposition of matrices g and A in Eq. [33], where the terms transform
under different irreducible representations of the rotational group, we can construct
the rotational invariant products by the usual rules of addition of angular momenta (9).
The third-order invariants are

Tr(g,* g0, Det(g,) = —3Tr(g.). [50]
The fourth-order invariants are
Tr (gvz) Tr (gv2)7

Tr(g.”) Tr(g?),

Tr(g*) Tr (g,

Tr(g*) =4Tr(g)Tr(g.),

Tr(g.* 8,

Tr(g*) = 3Tr(g2) Tr(g).
Since the second-, third-, and fourth-order contributions are proportional to By2, By®,
and By*, respectively, itis possible to separate experimentally the different contributions,
by applying different wavebands. While the two third-order contributions in Eq. [50]
are independent of the second-order invariants, only Tr(g,?-g,%) gives independent

information among the fourth-order invariants in [51].
From the characteristic equation of the g, tensor,

X — 3Tr (gtz)x — Det(g,) =0, [52]

[51]

we can determine the three principal values. Moreover, the vector derived from the
antisymmetric g, can be determined from the additional three invariants. Its length is
given by Tr(g,?), its position in the principal axis system of g, by Tr(g,*-g,) and
Tr(g,?-g.2). lts sense, on the other hand, is unknown, since only the even powers of g,
give nonzero invariants.

Let us compare the information obtained by measuring the properties of either a
static molecule or a tumbling, rigid molecule. In both cases six independent parameters
can be measured for an asymmetric matrix in the spin Hamiltonian, while the number
of unknown parameters is 3. It means that the available information is not necessarily
reduced for a tumbling molecule; only its nature is modified. An analogy can be drawn
between the ambiguity problem of the spin Hamiltonian and the uncertainty principle
of quantum mechanics: The angle and the angular momenta of a system cannot be
measured simultaneously with infinite precision. For a static molecule we can determine
the six elements of the symmetrized matrix in the polar decomposition, but we cannot
separate the contributions from the scalar, vectorial, and tensorial components. In
other words, while the orientation of principal axes can be measured, the decomposition
into the j=0, 1, and 2 terms cannot be carried out. For a tumbling molecule this de-
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composition can be completed; i.e., jis a good quantum number, but the orientation of
the principal axes remains unknown.

The ambiguity found in the two different physical phases can be resolved if the line-
position data from single-crystal spectra can be combined with the data obtained from
the liquid phase. This combination can, however, be carried out only with some care
owing-to the solvent effects. If Eq. [49] is obeyed, the solvent effects do not modify
significantly the elements of the g matrix. Otherwise, the deviation from equality can
be used to estimate the error in the orientation of principal axes of g, tensor.

We might avoid this difficulty with solvent effects by extremely fast spinning of the
single crystal. Then the diagonal elements of matrices might be directly measured. As
the necessary spinning rate would be as high as 108 sec™, this experiment cannot be
carried out at present. On the other hand, in liquid crystal the experimental conditions
can be fulfilled : partial orientation in one direction, and fast rotational tumbling around
it can take place.

An additional method of investigating the asymmetry of matrices in the spin
Hamiltonian was suggested by Ham (8). Then the modification of terms in the spin
Hamiltonian by an oscillating electric field can be used to detect the asymmetry of the
original matrices. This kind of measurement can be carried out if the term (0U/o¢) U™t
in the Schrédinger equation is large enough to be detected.

APPENDIX

To describe the dynamic property of the spin system with many degrees of freedom
we use the density matrix formalism (/7).
The equation of motion of the density matrix o is

i(do/dt) = [H o + (1), 0], [Al]

where the perturbing Hamiltonian 5#,(¢) is a stationary random operator and the
square brackets denote anticommutators: [4, B] = AB-BA. In the interaction represen-
tation with ’

o* =exp (i yt/h) oexp(—isHyt/h),

HK(E) = exp (i o 1]) #4(1) exp (—i o 1), [A2]
Equation [Al] becomes
ii(da*[dt) = [ (1), 0%]. [A3]

Integrating by successive approximation up to the fourth order and taking an ensemble
average on both sides of Eq. [A3], we obtain

t
(do*[dt) = —ib [ *(t), 0¥(0)] — A~? fdt[yfl*(t), [ *(t — 1),0%(0)]]

0

t—t

+ i3 [dr av' [ %), [ 5@ — 1), [ (¢t —t—1"),*(0)]]]

0 0o

[A4]

t t—1 t—t—1’
—4 ’ ”
+ A fdt Of dt f dt

) 0

X [A50), [, — 0, [# (=1 =), [ — 7 — ' = 1"), a*(O)]]]]-
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Here the bar above the symbols denotes the ensemble average. We restrict ourselves to
the case where ¢ > 7;, when the correlation between the random operator 5 ,*(¢t) and

the random function ¢*(0) can be neglected. Since .#,*(¢) A *(t — 1) is small when
t > 7;, and similarly, the other products in Eq. [A4] are small, when " and " are longer
than 1, the correlation between ¢*(0) and the previous products-can also be neglected.
It is, thus, permissible to average over ¢*(0) and the other factors independently and
extend the upper limit in the integrals of Eq. [A4] to infinity. We assume that 2 ,(t) =0,
for all average matrix elements; therefore, the first-order term in Eq. [A4] vanishes.

The order of magnitude of the relaxation time can be estimated from the second-order
term in Eq. [A4]:

1T = (1T), = ™2 *(t)* 7,
while the third- and fourth-order terms can be approximated as
(YT)s = (x,/T)"*(YT)  and  (T)y =~ (ty/T) (1T).
It can be seen that the iteration procedure results in convergent series if 7; < T.

There is another approach: replacement ofg"_‘(—O—) in the integrals by ¢*(7). The order
of magnitude in the modification caused by this replacement is (z;/T)(1/T), i.e., about
the same as the fourth-order term in the iteration. It means that in the frame of the
above approximation, the derivation of third-order terms is correct, while the determin-
ation of fourth-order terms needs more rigorous treatment (19).

Neglecting the fourth-order term, replacing ¢*(1) by o*(¢) — 0, as a consequence of

the more rigorous quantum mechanical formulation (/7) and omitting the bar above
o*(t), which will henceforth stand for the average density matrix, we obtain

[ee]

172 [ de 0, D, — 0, (0%(0) = a0)]]

0

do*
dt
[A5]

+ i [ de [ @ T 50, 6= 0, 67— 7 = 7, (0%() = oo,

where o, is the equilibrium density operator. Then the equation of motion for operator
Sy is

LS e [ T — 0, D270, S IH(0) — 00)} — i [ e [ de
dt p o 0 [A6]

x Tr{[*(t — =), [#*(t — 0, [#*(), S]] (67(2) — 00)},

where the S, spin operators are Sy, S,, and S_if g =+1, 0, —1, and the trace runs over
the electron and nuclear spin states.

We investigate the spin system, where the unperturbed Hamiltonian consists of the
time-independent part of the electronic Zeeman and nuclear hyperfine interaction:

Ho= g Bogo S, + Ao S, 1, [AT]

where g, = Tr(g)/3, Ao =Tr(A)/3 and z is the direction of the static field B,. As the
high-field approximation is used the nonsecular contribution A(Si/x+ S,/,) is
neglected. The radiofrequency field polarized perpendicularly into the B scalar magnetic
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field induces transitions between the | Mg, M) states of the spin system with the selection
rules [AM| =1 and AM; = 0, if the resonance condition

Wg = a)s + j‘/[i (Ui [AS]

holds, where w, is the frequency of rf field, ws = ug By go/h, and wy = Ao/fi. We assume
well-resolved hyperfine structure; therefore, the electron spin polarization is different
from its equilibrial value only when the coupled nuclear spin is in a particular M, state:

{My'|o — ool My") = 5M,'M,5MI”M,<M1IO' — g M. [A9]

The perturbing #,(¢t) Hamiltonian consists of the vectorial and tensorial parts of
electronic Zeeman and nuclear hyperfine interaction:

H(t)=SG, b—S-A,-1+S-G,-b+S-A1, [A10]

where G, = 113 By g,, G, = g Bog,, b = B/B,, and A, = —A,, owing to the transposition
rule of antisymmetric matrices. We rewrite J#,(¢) in a more condensed form:

H(t) = ﬁ S-(Z* + Z¥) -k, [Al1]

k:_
where
Zkv = C';v 51.:0 - Av [k:

ZK = G50+ AL, (k=1,0,and—1). [A12]

Here I,,1_,and I, denote I, + il,, I, — il,, and I, respectively, while the vector k stands
for L(x + iy), 3(x — iy), and z, when k=1, —1 and O, respectively, where x, y, and z
are orthogonal unit vectors perpendicular and parallel to the external magnetic ficld.
By introducing the spherical expansion of 2 ,(¢), we have

CHO=3 5 S (CEAD V), [A13]

where the definitions of £ ;2 and ¥, are given in Table 1. The sign convention of these
quantities,

Fo @ = (1) F_;™0 and Vil = =DV, [A14]

TABLE 1

THE DEFINITION OF THE F;;%(I) AND V};%(S) OPERATORS IN THE
SPHERICAL EXPANSION OF THE TIME-DEPENDENT HAMILTONIAN 227 (1)

#:0=3 5 3 COEADVLES)

Fil® = ZoN, Fu £ = TV 2)(Z,M +iZ,)

F*=3Z.",  Fo*'=F(/V6)Z.* +iZ,})
Fa®2 = (12V6)(Zu' — Z,,*t + 2iZ,,})

Vi® = (([2)(Sik-—S_ky),  Vit'=(/V2(Ss ko — S:k )

Vi =28,k ~ ¥(Si ko + S_ky),  Viet'=TF(V6/2)(Ss ko + S.k+)
Vie*?=(V6/2) Sy k+
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is different from the one used by Abragam (/7), which allows direct application of the
rules of addition of angular momenta (9). The symbol () denotes the Hermitean conju-
gation. In the laboratory frame, where the axes are parallel with the unit vectors x, y,
and z, the V;% operators have the form

Vit = Cif* Skt [A15]

where the C, ;% constants are given in Table 2.

TABLE 2

Cy.;* COEFFICIENTS IN THE EXPRESSIONS V) 7 = Cy ;7 Sk+4"

Co®=0, Col=iV2

Ci°=i2, Ci'=0, C,'=—i/V2

Co®=2, Cot=-V62, Coi2=0

Ci’=—%,  Cin'=0, Ci,'=Ve2, C;2=0, C,2=V6]2

@ The sign convention applied is (Cy;9)t = (—1)7 C_,;79, where the sym-
bol (*) denotes complex conjugation.

By substituting Eqs. [A13] and [A15] into Eq. [A6] we obtain

dSFfdt =2 [de 55 S (=1t T Cy,
[0}

kyka Jij2 41a2

x Tr {[Fkljllu‘(t - T) S—nl* (f - T)’ [szquz‘(’) S—-pz*(r)a Sq*]]

x (@) =0y — i [dr [ar' 3 3 S (<lmtere[Alg]
0 0

kykaks Jyiai3 414293
X C——k;il—ql C"’\'ziz e C"‘sfs_q3
X Tt {[Fopy (=7 — ©)S_, "~ 1= ),
[Fiys® (0 = ©) S_p, (0 = D [Fly (1) S—p, (0, So* M)
x (6%(t) — 00)},

where p; = k; + ¢;. Since the time dependence of S,*(¢) can be given as
SE@) =exp(ip(ws + w 1)) S, [A17]

the rapidly oscillating terms in the equation of motion vanish if >; p; = 0. On the other
hand, o — o, is diagonal in Mj; thus, >, k; =0, too. This latter condition ensures the
cancellation of terms oscillating with the frequency w, in the rotating frame if either S,*
is the first or last factor in the products, or g = 0. If ¢ = +1, the terms in the expansion
of anticommutators, like

q * az q sk q q

s
give nonvanishing contributions to the relaxation mechanisms if k; = 0. For the system

S = 1, the latter condition leads to the omission of half the nonzero terms in the products
in the anticommutator contain pseudosecular factor (k; # 0, p; =0). This condition
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plays no role in any other case. This effect is taken into account by introducing the
factor r? (pseudo), which is equal to 1 if ¢ ¢ 0 and pseudosecular factors appear, in all
other cases r? (pseudo) = 1.

The reorientational motion is assumed to be rapid compared to the w; frequency:
;7 and w;7" < 1. Then the - and t’-dependent exponential factors are

exp (ipy woT) [A18]
in the second-order and

exp (ipy wo ') €Xp (—ip3 wo T) [A19]
in the third-order terms.

Each factor in the anticommutators forms a product of nuclear and electron spin-
dependent components Fy ;% (l)S-,. In case S=3% the commutator (S;,S,)=
S1S, + S, S, does not give any contribution to the relaxation expressions owing to the
commutator relations of Pauli matrices and, for this reason, the nuclear and electron
spin-dependent components can be separated as

[11 Sl’IZ Sz] 312(11,[2)[51552] [AZO]
and

(41 S0, Uz S5, 13 8511 = &1L, (I, 1)) [S 1, [S2, S]] [A21]

The anticommutators can be expanded by repeated application of the anticommutator
relation

[Sp,s Sp,] = (=1)"1*72(py — p3) Sy, [A22]

Though in Eq. [A16] the trace runs over all nuclear spin states, only the | M, state gives
a nonzero contribution. Besides quantum-mechanical averaging on the M, state, the
ensemble average of the commutators of operators Fj ;?(/;,) has to be calculated.
This ensemble average depends on the type of random motion. Let us assume isotropic
random rotation and stationary Markov processes. Then the reduced correlation
functions depend only on the j; quantum numbers and are independent of g;. Then the
second-order correlation functions are

<M1‘(Fk1j1ql(t —1), szquz(t))‘MO = gjl(f)<M1l(Fkljlq‘(Q)y szquz(Q))‘Ml>a [A23]

where Q fixes the orientation of the molecule in the laboratory frame. In case of Markov
processes the third-order correlation functions can be expressed by the same reduced
correlation function (/9):

(M |(F g, (1t — T — 1), (Fiyy,2(t = 1), Fioy s (DM
= gjl(’t') gj;(TKMx!(Fkljlq‘(Q), (szquz(Q)’stqua(Q)))‘ M. [A24]

Here the probability distribution is uniform in the Q space as we assumed isotropic
random rotation. Then the ensemble average can be easily evaluated by applying the
orthogonality rules of spherical harmonics (9). Namely,

CM|(Fiey () Fieyj, () M > = (—1)"10, 5,04, -0, X 5,5, 742 + 1) [A25]

and

| o 0 a0 Fo @ M = (10 ) b, a2
1423
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where

X578 =2 (=1 {M|(F %0), F_~%0) | M) [A27]
and

Ko t28s = S (P (o, OBy 0 Foy PO M. (A28
’ >ri=0
i

ryfrals
Here the argument Q = 0 indicates that the functions F;;? are given in the molecular
frame, and
( J1l2Js )
419293

is the Wigner ““3;°” symbol (9). Due to isotropic rotational tumbling, only the rotational
invariant combinations of the spherical harmonics appear in Eqgs. [A26] and [A28];
i.e., we obtain nonzero second-order terms when

jl =j2 = [a
: [A29]
91 +q.=0;
and third-order terms when
Ji+Jj2+js=even, [A30]
4y +4q,+q;=0.
The pertinent Wigner 3/’ symbols and the nonzero X **and X ; ; *1*2%s are given

in Tables 3 and 4. The 7- and t’-dependent integrals in Eq. [A16] consist of the exponen-
tials in Eqgs. [A18] and [A19], and the correlation functions in Egs. [A23] and [A24].
They yield the spectral densities with the definition

[ 8@ exp (ipwo ) = J (pwo) + iK; (pwo). [A31]
s}

Carrying out above calculations, we obtain from Eq. [A16]

T S =SDal{l T 3 S 1 (pseudo) (1) —a)

ky Ji a4
% (2py + Q)2jy + D7THCo 5,1 X5, 75T (01 @0) + K (py wo))
l‘ even
+257 5 5T S e (pseudo)(~ 1) + p)a + 02 — )
Ski=0 3j; S4;=0 [A32]
X(q+2p) Cyy, " Ciy,” 2 C iy, 2 (p1 00) T (P53 0)
+ Kjl(P1 o) Kj3(1)3 o) — i'[jl(pl o) st(l)a o)

: Juiads el
+ IJJ3(P3 C‘)0) Kjl([)x (Uo)] (([1 ) qs) Xj1j2j3kl k2 ksj s

where p, =¢q;, + k; (i=1, 2, 3).

Equation [A32] is the Bloch equation in the rotating frame, where the parameters
that can be experimentally determined are the inverse relaxation times w, = (T,)™,
w, = (T,)™! and frequency shift dw:

d<Sz>/dt =—W; [<Sz> - <Sz>0]9

S =]t = —[w, + iISw]( S, *. [A33]
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TABLE 3

THE WIGNER “‘3j”” SYMBOLS FOR jy, J3, /3 = 1,2% .

(1 1 2)_ 2 (1 2)__1_

0 0 0/ @Oy 11 =2) 512

(1 1 2)_ 1 (1 1 2)_ 1
1 -1 o/ @ov» I 0 =1/ 0y
(2 2 2)_ 2 (2 2 2y 6

0 o0 o o 2 -1 —1)“(70)”2
(2 2 2)_ 1 2 02 2y 2
1 -1 0o/ @oz (2 -2 o)“ (70)1/2

aThe (J! /2 /3 symbols are invariant, when
nty My M3

two columns are permuted, or the signs of
my, i, My are simultaneously changed.

TABLE 4

THE ExpLICIT FORMS OF QUANTITIES X *7% AND X, ;, ;5*1%2%3, DEFINED BY
EqQuaTions [A27] anD [A28]"

X, ®=-Tr(G,— AM)?, X' '=-Tr(A})UI+ 1)— M?]
X®=3Tr(G+AM)?, X' '=31Tr(ADIU+ 1) — M
X112°% = (4/(30)"*) Tr [(Gy — A, M1)* (G, + A M))]
X127 = (4/GB0)"H) Tr [A2 (G + A MU + 1) — M?]
X12:1071 = X1 1,171° — (2/(30)V2) Tr (A2 A) M,
X122 = —(2/(30)"3) Tr [(Gy — Ay M) (A, A+ A AN + 1) — My?]
X112 = X100+ (2/(30) 1) Tr (A2 A) M,
X222°° = —(4/3(70)'?) Tr (G, + A, M)
X3221710 = —(4/3(70)'/2) Tr [(G, + A M) A2IUU + 1) — M?]
X222'%71 = X222 710+ 2/3(70)2) Tr (AC) M,

4 The symmetry properties of the above quantities are X ** = X;; 7,
k1k2k3 —k1-k2-k3 k1k2k3 — k3k2k1
Xiyizis =Xj15203 2, X PR =X ,

3J2J1
k—kO _ —kk
ijfzis = Xlzhis :

Comparison of Eqs. [A32] and [A33] gives the relaxation formulas up to third-order

approximation. The relaxation parameters can be given as a sum of the different (jjj)
and (j, j,/5) contributions

w; = wi(11) + wi(22) + wi(112) + w,211) + w,(121) + w,(222), [A34]

for i=1, 2, and an analogous formula can be given for dw.
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The second-order contributions are

J
wa(11) = =289 (g, g, b1, a4 1)+ M)
_ Jo(wo) 2
wy(22) =" (651 + 126, My + b3(TI(T + 1) — M),
J,(0
wa(1l) = pos (1) = T et 4 1) - b1,
(0) [A35]
wy(22) = 1w, (22) + 86? [85, + 166, M, + by(3I(I + 1) + 5M )],
K (wo)
Soo(11) =— =22 w (11),
( ) 2.]1(0)0) 1( )
_ Ky(o)
sw(2) =5 o w,(22),
where
a, =Tr(G?), a, =Tr(G,-A), a;=Tr(A2), A36
bi=Tr(G?, b,=Tr(G-A), bs=Tr(Ad). [A3¢]
The third-order contributions are
J (o) K.
wi(112) = L“";)Sﬁjﬂ (5¢, — 3¢5 — 8¢ M)+ 1) — M,2),
wi(211) = w,(112),
27, (wo) K
wy(121) = -‘i(‘—’l%ﬁg(i") [2¢, + 2¢;, My — dcy M, + 2¢5 M2
+ I+ 1) = TM2) — ¢ My(3I(I + 1) — 5M2)], [A37]
27,(we) K.
wy(222) = —2(—“1)—‘(’)157;@—“) [6d, + 18d, M; + ds(TI(I + 1) + 11 M2)

+ d4Ml(7I(l+ 1) - MIZ + 5)],
-1 1 0 0 -1 1
W2(112)=W2[ 1 1 2]+W’2|:1 1 2]7

—1 1 0] J5(0)K(wo) .
wz[ L1 2]:%3- [—4c, —de, M4 8¢y My — co(3IUL+ 1) — LIM2)

+des(IT+ 1) — 2M2) + cs M(TIUL + 1) — 11 M2 + 3)]

and

0 -1 1] _ J4(0) Ky(wo)

Y211 1 21T T 1208

w,(211) = wy(112),
JI(O) K:(wo)

6043
J2(0) K5 (o)

2107
+dy My(SI(T+ 1) — 1TM2 + (15/4)],

[3C5 - 5C4 + 806M1)(1(1+ 1) - M[Z) + %Cé M[],

wo(121) = [(Bes — Scq + 8eg M)UI(T+ 1) — M%) — 3c6 MY,

wy(222) = [—12d, — 36d, M + dy(5I(I + 1) — 41 M?)
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b _ Jz(wo) 0 _l 1 Jl((l)o) _] l 0
ow(l12) =275 Wz[l 1 2] TRyl 11 2
J1(0)J5(0
DO (o, 4 co i+ 1)~ M),
; Sw(211) = daw(112),
J(o J1(0)J,(0 ,
: 0(121) = 2220y 121) ~ L (s ca MYIL+ 1) = M2) = dea M),
1 0.
Sw(222) = Z((‘Z)‘;)) w,(222) — {3%—29 [16d, + 48dy M, — 3d,(3I(I1+ 1) — 19M?)
—dy My(OI(I + 1) — 25M > + 3)],
where

¢, =Tr(G,2-G), c,=Tr(G,2-A), 3 =3Tr (G, G -A, + G- G,-A,),
Cp = %Tr (Gv Av'Ax + Gv. At 'Av)s Cs = TI'(G, : sz)a Ce = Tr (sz' At)7 [A38]
d, =Tr(G/), d,=Tr(G2-A), dy=Tr(GA2), o =Tr (Ad).

In [A37] the indices in the square brackets are

[kl ks k;,]
JiJ2J3
The relaxation terms w,(22) and w,(22) in [A35] agree with the formulas of relaxation

times 7,7! and 7,7! derived by Kivelson (5) as well as by Freed and Fraenkel (20) in
‘the limiting case of weak exchange.
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DETERMINATION OF ASYMMETRIC g AND A MATRICES IN THE SPIN HAMILTONIAN

A.Rockenbauer and P.Simon
Central Research Institute for Chemistry of the Hungarian Academy of Sciences H-1525 Budapest

Abstract. The ambiguity problem of the spin Hamiltonian is discussed., It is found that re-
- laxation measurements can be used to detect the asymmetry of g and A matrices. The

combination of relaxation and line-position measurements are adequate for the com-
plete determination of g and A matrices if I>1.

l.Introdwtion. The spin Hamiltonian, introduced by Abragam and Pryce (1951), has become a
powerful tool in the concise description of paramagnetic resonance data. In this formalism
“the different magnetic interactions are generally written in tensorial form, In case of low
symmetry, however, non-tensorial terms may appear, i.e. the magnetic interactions should be
given by real asymmetric matrices (Kneubithl, 1963; Abragam and Bleaney, 1970). It is common
practice to overlook this distinction between matrices and tensors in the spin Hamiltonian
formalism, since from the single crystal measurements there is no possibility to decide
whether the g and A matrices are asymmetric or not, if only the Zeeman and hyperfine inter-
actions are present. Belford and Pilbrow (1973) pointed out that the liquid phase measure-
ments may give supplementary informations to the solid state data. They found that the iso-
tropic hyperfine constant, measured in liquid phase, and the anisotropic hyperfine parameters
together may permit to determine the asymmetry of A matrix in case of monoclinic symmetry. In
this paper we investigate the ambiguity problem of the spin Hamiltonian when no symmetry re-
striction is assumed, Then the number of independent parameters exceeds the numher of expe-
rimental data obtained by combining line-position data in the single crystal and liguid

phase spectra. For this reason we studied the effect of asymmetry on the relaxation parame-

ters to find a correlation between data available from line-position and relaxation measure-—
ments.

2, Discussion. We consider systems that can be described by the spin Hamiltonian

Q= §-E-E + I._ﬁ.g v
where the Bohr magneton and Planck’s constant are taken as unity and E is the constant mafr—
netic- field. The actual form of matrices g and A depend on the choise of ‘the molecular frame

and the spinor representation for the S electron and I nuclear spins, If the eigenvalue equa-—
tion of a non-moving system is

(5.g.8+ T.a8) ¥y = By
in the standard spinor representation, then in an arbitrary representation it takes the form
= =1 = =1 -1

(USSUS .g.B + u Tug ._A_.USSTUS JUuy = EUY ,
where Ug and Ur are 25+1 and 2I+l dimensional unitary matrices, resp., and U = US()IJ.
Since S and I are vector operators, the unitary transformations Ug and UI can be represented
by the Euler transformations R; and Rp:

=-1 _ = C R

USSUS = S._Iil and UIIUI = 1.32 .

Then we obtain

(5.R;.8.8 + T.R,.AR'S) ¢ = EY
where §* = U{, i.e. the matrices g and A are converted into R;.g and EZ.A.BIl, wuile the
energy remains invariant. This fact can be exploited for the simultaneous symmerization of

g and A matrices. Excluding the accidental singularity of g and A matrices, we can define
the real orthosonal transformations

b

R =R =t (E0)Y%g? ana Ry =Rp=xRr (R)Y2a7
where the sign is taken identical with the sign of Det(g) and Det(A). Since Rg and Rp rep-
resent a proper transformation of the three dimensional Euclidean space, it is always pos-
sible to find their homomorphic image in the corresponding group of unitary matrices. Ap-
plying these unitary transformations, we obtain the symmetrized Bg and A_ matrices:

g = +@EgM? ama A =4 R (K. E Yol
On the other hand there is no unitary matrix homomorphic with the inversion, i.,e. the sign
of Det(g) and Det(4) is invariant under the transformation in the spinor field. This fact
is in accordance with the result of Bleaney (1960), who found that the sign of Det(g) and
Det(A) can be measured by using a circularly polarised magnetic field., Consequently, frum
the single crystal measurements only the symmetric gg and A matrices can be obtained,
Eﬁle for the unambiguous determination of asymmetric g and A matrices we have to obtain
.hegg and BA Euler matrices, too, in the relations

A
tetlm investigate now the system in motion, Then the spin Hamiltonian can be transformed
ato a laboratory frame, where g’(t) = R(t).g.R(t)-! and A'(t) = R(t).A.R(t)-1 are time-

=R =R - ~ 1/2 ~ -1
E=Reg, and A=RA, where Ryo= o R(AA)TRLATT
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dependent and R (t) represents the transformations from tue molecular frame into the labora-

tory frame. The dynamic property of the system in motion can be given by the Schriddinger e-
quation:

idy/at) = (B .ge().BY + T' A7 (1) .87y
Since the symmetrizing transformations R, and R, arec constructed from matrices g ' (t) and

A? (t), the R, and Ry as well as their homomorphic image U and U; become tlmn-dependent Ap-
plyxng the tlme—dependent U(t) and introducing y'= U(t)¢ the Schrddinger equation is:

1(ay/at) = (§7.g2(2).B" +« T.a2 (8).8% - 1((®) /au)u(e)™ 0 .

Here the new term (aU(t)/at)U(t)—l preserves the asymmetric property of matrices g'(t) and
A’ (t) and, therefore, the asymmeétry can be detected if the frequency of molecular reorienta-
tion is comparable with, or larger than that of the anisotropic magnetic terms. Generally,
the latter condition is fulfilled in liquids. Investigate now the paramagnetic phenomenon in
liquid and assume isotropic random rotation. For convenience we decompose g and A into com-
ponents transforming under rotation as constant, vector and tensor:

g = Ec + §y +.§t and A= ﬁc + Av + At .
Here g, and A, are con§tant! gy and ﬁvvantisymmetric and gy and A, traceless symmetric matri-
ces., hen the spin Hamiltonian splits into three terms:

Q=8+ bl(t) + bz(t), where ©_ =g S.B + AS3.T
is the time-independent main Hamiltonian and
g, = Tr(g.) /3, A= Tr(A)/3;

N (t) = S.g B + I.A .S and  92,(t) = S.g,B + I.4,.5
are time-dependent perturbations.

The frequency of the allowed transitions is wo(MI) = g,B _+ A1, where the hyperfine term is
assumed to be small compared with the Zeeman term, B = {E [and M; the eigenvalue of I,. Ve
derived the relaxation formulas by the usual calculation technlque (Abragam, 1961)

/= {BE(-sTr(gv)+ 3Tr(_g;t))+ B (10Tr( g .A )+ 6Tr(g,.A) + MI(—STI( A2 S+ 3T At))} i (w))/30,

moreover

2
1/T, = 1/2T «+ {E2Tr(g;) * 2BH Tr(g . A) + MiTr(_gi)}j(o)/ls,
where the j(O)and j(w ) reduced spectral densities are taken equal for all the pertinent
interactions. For systems I 221, it is possible to determine the six relaxation parameters
ai’Bi' ﬁ (i=1,2), where l/Ti =a, + BiMI + YiMl and therefore we can determine six invariunt
ities: 2 2
quantltleé Tr(gi)’ Tr(ﬁv), TQ-Evﬂév); Trcgt), Tr(At>, Tr(ﬁt.ﬁt).
Consequently the measurement of the relaxation times permits to determine three 'invariants
characteristic of the asymmetry of g and A matrices. On the other hand, when we are to de-
termine the complete g and A matrices we can use twelve data from the single crystal meas-
urements (g and As matrlces), six invariants from the relaxation measurements and two line-
position data (go and A,) from the liquid phase spectra. The g and A matrices are given by

the relation g = gg.R, g and A = Ag.R,). The transformations Rg and Ry can be calculated from
the following six 1ndependent relations:

Tr(gc) = Tr(gs._g), Tr(A ) = Tr(A Ry)
2

TR(ES * gyt Ep) = T(EeBgefieeBg)r  TR(AD + AL+ ALy = Tr(ALRA R, ),

Tr(geeh, + Bpeh, + Byehy) = Tr(Bg-BpeAg.Ry)y  TR(E A - BB+ BpeAy = Tr{R g Al.5y).
We have 20 experimental data and 18 independent parameters.There exist, however, two rela-
tions among the two invariants that can be obtained from the single crystal spectra and the
eight invariants from the liquid phase spectra, namely

2 2 2 2 2 2 2
Ir(gg )= Tr(g, - B, + &) and Tr(_@i) = Tr(A; - A, + Ar).
For spectra with no hyperfine structure only eight independent relations are available for
the g matrix, therefore, the unambiguous determination of g is not possible by the above
method. In principle, we can determine the complete g matrix by an extremely fast spinning

of a single crystal about different axes, In this case the diagonal components of g matrix
can be measured directly.
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EhTa

Anomalous temperature effects of fthe ESR spectra were found in
copver doped zinc(II)-bis-(nistidine) vnowders. In the L-nistidine

complex, reversible transitions between solid-like =and ligquid-like

spectra were observed at 8°¢c by increasing, and at 0°¢ by decreasing
temperature. In the mixed L-nistidine-D-nistidine complex, the marnetic
narameters of solid-like svpectra change strongly around -20°C. The
anomalies were explained by Jann-Teller erfect stabilized square

nlznar geometry around the doning copper centers in the lattice of

Zzinc complex with tétranedral seometry. The pnase transitions can be
induced by rearrangements of the water molecules coordinated fo thne
copper atoms into tneir regulsr positions in the zinc lattice. This
wolecular displacement can facilitate eitner uniaxial rotation or

torsional oscillation of the nistidine molecules in the respective

lattices.
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“he Electron Spin Resonance (ESR) spectroscopy can offer
detailed information about lizand coordination of varamagnetic
ions if the masznetic interactions between paramagnetic centers are
weak with respect to Zeeman and nyperfine terms. Tnis condition
can be achieved by various dilution techniques, eitner waen the
paramagnetic‘substance i1s digssolved in solvents (frozen solution
technique), or a diamagnetic nost lattice is doved with paramagnet-—
ic ions (doped crystal technique). Hecently we investignted several
copper(II)-amino acid complexes and compared their Z3R spectra
ovserved in frozen water solution and in doped powder of the

- . - 1. . , :
espective zinc(II) complexes . Typically tne spectra and magnetic -

o]
ct

arameters were found closely identical in the two medis, though
the symmetry of magnetic interactions was oc:asionally lower in
doved crystal than in frozen solutionz. The spnectral parameters
determined for doped crystals were only slightly affected oy
temperature in the interval from -196°C to +100°C. Tne bis complexes
of L-nistidine and mixed complexes of L- and D-nistidines, however,
represented a s3triking exception: not only the svectra of frozen
solution and doved wnowder differed strongly, but.larse variation

of spectral parameters and abrupt cnhanges of spectral feaftures

were observed in the doped powder of zinc(II) complexes. In this
paper we give an account of these anomalous swnectroscaopic pro-

perties and offer an explanation in terms of Jann-Teller effect

induced phase transitions.
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EXPERIMENTAL

The spectra were recorded by a JEOL-type JES-FE-3X spectrometer
working in X band with 100 kc/s modulation frequency. The tempera-—
ture’ﬁas controlled ‘by a precision of one degree. The spectra were
simulated by an EMU-11 type (KFKI, Hungary) minicomputer. The pow-
der pattern were calculated by assuming Zeeman, copper and nit-
rogen hyperfine couplings of axial symmetry. First derivative
Lorentzian liﬁe shapes were applied and the line width was different
for the hyperfine lines of copper splitting.

Materials: Cooper(II) doped bis—(L-nistidinato)zinc(II) dinydrate
(Cu/Zn(L—His)2.2 HZO)’ copper{II)-doped L-nhistidinato-D-nistidinato
zinc(II) pentanydrate (Cu/Zn(DL—His)2.5 HZO), bis-(L-nhistidinato)

copper{II) dinydrate (Cu(L—His)2.2 HZO) ond D-nistidinato—D—

nistidinato diaquocopper(II) tetranydrate (Cu(DL—His)2.6 HZO)
complexes were prepared.In the case of doping, mole fraction of
1:100 was used in the mixture of basic copper(II) and zinc(II)

carbonate., In 2 mmol/dm3

water solution of the respective nistidine
compound, 1 mmol/de carbonate complex was dissolved at 100°c.
Neutral pH adjusted by nydrochloric acid was applied. The precipit-
atum was washed by wather and acetone and dried on air. The data

of chemical analysis and the thermogravimetric results were in

good agreement with the expected structures. The amino acid

contamination was estimated lower than 5 % in all cases.

All reagents were of analytical grade made by REANAL, Hungary.

Al
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SPECTRA

The ESR spectra of copper doped Zn(L—His)qu H,0 powder
recorded above 8°C is surprisingly similar to the spectrum
of copper complex taken in liquid water solution at the same
temperature, only’tne position of hyperfine lines is shifted.
down by ca. 10 mT (See Fig.1). Below 0°C tne doped powder spectra
show characteristic axial pattern of rigid media and the spectral
parameters are typical for square planar copper(II) complexes
(Fig.Z.). The same type of spectra with somewhat different
magnetic parameters (See in Table 1) can be recorded in frozen
water solution at low temperature.

Between 8°C and 0°C thermal hysteresis can be observed:
in this temperature intervel, solution-like spectra were recorded
if the sample had been kept previously at nigher temperature
(e.g. in room temperature), and solid—like’spectra if the sample
nad been previously immersed into liquid nitrogen. Neither the
sdlid—like, nor the liguid-like spectra changed for nours if £ne
temperature was in this interval. Above g8°c only liquid-like,
below 0°C only solid-like spectra were observed irrespectively of
the thermal history of samples.

Wnile in frozen water solution, Cu(L-His)2 and Cu(DL—His)2
gave nearly identical spectra, in the doped Zn(II) complexes
marked differences can be observed. For the mixed Cu(DL—His)2
complex no liquid-like spectra were found in the doped crystals
at -higher temperature, but the widtnh and position of hyperfine
lines in the axial powder pattern exnibited strong variation
around -20°C (See Fig.3). The spectroscopic parameters, g, and

Ay, vary fast in this temperaturé range, too (Fig.4).
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Tne ESR spectra of non-diluted copper(II) bis-nistidine
complexes consist of a structureless singlet, neither the width,
nor tne position of line is altered by the change of temperature
(Table 1). For the sake of comparison the spectra of mono-nistidine
compléxes were also recorded in frozen solution and in doved pow-

der of the respective zinc(II) compounds, but none of tne above
ey & , -

mentioned anomalies were found.

RESULTS and DISCUSSION

According to available X-ray diffraction studiesB—6, the
structure of copper(II) and zinc{II) bis-nistidine complexes is
non—-isomorphous, though the mode of chelation of nhistidine mole-
cules is the same for all cases: the metal ion is chelated by
two histidine molecules, each in bidentate fasnion througn H (amino)
and N {(imidazole) atoms. Relative vositions of pest planes of
the histidine molecules are, however, different in the copper and
zinc complexes. Tne nitrogen atoms form a square planar arrangement
around the copper ion, and a distorted tetrahedron around the zinc
ion. The position of water molecules is also different in the
copper 24 zinc lattice. Two water molecules bind to the copper -
atom, in axial position with respect to the square plane, while
in the zinc compiexes, the water molecules take part in a taree-
—-dimensional network of hydrogen bonding and two carbonyl oxygens
are relatively close to the central atom. In the lack of
Cu(L—His)2.2 HZO single crystal, spectral and potentiometric
evidences lead to the conclusion6 that the chelating mode and

geometry of L-histidine bis-complexes and D-histidine-L-histidine
.mixed complexes are the same. This assumption is supported by our
obgervation that the ESR spectra of non-diluted copper cdmplexes

are nearly identical.
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Tne nistidine coordination seems to be different in solution
and in crystalline pnase according %o ESR7’8, circutar dicnroismg’io
and paramagnetic relaxation (FT—NMR)11 evidences: then there is
an equilibrium mixture of structures containing tnree and four
nitrogen atoms coordinated to copper(II) in tne equatorial plane.
These differences can explain the deviation of ESR spectra taken
in frogen solution and doped powder, but, we think, the anomalous
spectral changes in the zinc(II) nost lattice are related to some
local distortions around the doping copper cen’=2rs. The following
distortions can e expected:

i) Tne planes of chelating histidine molecules, which are
perpendicular in the zinc lattice, can rotate into a parallel
position in the coordination sphere of copper atoms. This deform-
ation can be a consequence of the Jann-Teller effect, since the

9

ground state of 3d” configuration in a tetranedral crystal field
would h:ve a threefold degeneracy and this degeneracy is comp-—
letely i.i.fted by tne square planar geomeiry.

ii) The water molecules, whicn are not bond to the zinc atoms,

but take part in the three-dimensional network of hydrogen bonding,
can occupy the apical positions of elongated octahedron around

tne doping copper centers. Sucn displacement of water molecules
can be promoted by thermal motions of water molecules in the zinc
complex lattices.

In the framework of the above model the low temperature spectra
of copper doped Zn(II)(L—His)2.2 H,0 can be explained by local
static distortion of coordination around the copper centers, which
yields to an elongated octanedral structure with two water molecules

in tne apical positions. By increasing the temperature above the

point of phase transition, a rearrangement of water molecules can
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take place from the position close to the copper atom to the
rezular position in tne taree-dimensional network of nydrogen bonds.
The displacement of water molecules can facilitate internal motion
of the histidine molecules chelating witn tne copper atons.
Liquia—like spectra can be obtained if the histidine molecules

are rotating freely around an axis vointing to the bisector of
H-Cu-H angle. Denoting by y this axis, tne x and z components of

the g and A tensors are averaged out by fast rotation:

9

1:1/2<€K+g>’ (1)

z

Il

A 1/2(A_ + A_), _ (2)
1 pid z
while the y component of tensors remains constant:

_ and A2 = Ay. (3)

Tne spectral features of 2 system containing paramagnetic
molecules that rotate around one zxis should be ftransitional
between the spectra of liquid and solid phase. If for the rigid
molecules, we have an axial symmetry with gngy and szAy, then
the uniaxial rotation will produce a pseudo-axial symmetry, where

34 and A1 can be considered as the perpendicular, znd g, and A2

n

as a parallel component of fensors, respectively. In th

4]

liquid

ohase, the isotropic rotational tumbling completely averages the

tensorial components:
8o = 1/3(gx v g, gz) (4)
Ay = 1/3(a, + Ay + 4A) . (5)

We attempted to simulate the ligquid-like spectrum by both
models, but good fit - particularly for the fourth line of high
'intensity — could be achieved only by the assumption of uniaxial
rotation of molecules. The best parameters for simulations are

given in Table 1. The Table also includes tne Eys 8 g, and

y-’
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A, A

be

¥ A values obtaihed from the simulation of solid-like
spectra. The fairly good agreement of g1s 89> A1 and AZ values
calculated from Egs.(1-3) with the best fitting parameters for
the ligquid-like spectrum supports the validity of our model.

The pnenomenon of thermal nysteresis can also be rationalised
in terms of the above model. Owing to the rotation of nistidine
molecules, the rearrangement of water molecules from the hydroge
bonding network to the copper coordinated position takes place
at a lower temperature, which is required for the displacement of
water from the rigid coordination sphere of copper atoms.

L)

In the copper doped Zn(II) (DL—His).6H20 samples, the fast
out continuous change of spectral parameters around -20°C can
also ©te related to the rearrangement of water molecules, in this
case, nowéver, the variations can be explained by hindered rotation
of tne histidine molecules, presumably, torsional oscillations
around the coplanar pdsition take place. Due to these oscillations
above the phase transition point, thne parallel components of g
and A tensors will be shifted from the value of g, and AZ measured
below the phase transition temperature towards thne g4 and A1
values corresponding to the free uniaxial rotation. As it can be
seen from Figure 4, the values of g, and A, remain larger than

84 and A1 even at hign temperature, wnich shows the nindered

character of molecular rotation.

COINCLUSTIONS

The anomalous temperature variation of ESR spectra in the
copper doped zinc(II) bis-nistidine crystals is explained by the
Jahn-Teller effect, which can stabilize square planar geometry
around copper atom in a nost lattice, where the coordination
around the zinc atom is tetranedral. The water molecules are
agsumed to bond directly to the copper doping centers at low

temperature, but at elevated temperature they can be displaced
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in the crystal lzattice into a position, which corresnonds to theilr
regular arrangement in the host lattice. The displacement of water
molecules can reduce the hindrance of internal rotation of histidine
molecules chelating with the doping copper ions. In the Zn(II)-bpis-
—(L—nistidine) lattice free uniaxial rotation, in the mixed DL-
-nistidine complex torsional oscillations of the histidine molecules
is supposed to take place above the temperature of phase transitions.

The nysteresis of phase transition is rationalised by the effect

It

of rotating histidine molecules, which can obstruct water molecules

i

]

1 the occupation of apical positions around the copper atoms.
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Table 1 . )
lagnetic parameters of Cu(II)-bis-(L-nistidine) complexes

dilution temperature g-factors hyperfine constants remarkX
(in °c) (in mT)

no 14 g™ 2.119

no -125 g,= 2.120

zinc complex -4 gxrg‘:2.070, gZ=2.278 szAy=2.59 .AZ:13.921
zinc complex 12 g1=2.162, g2=2,078 A1=7.O, A2:1.O b
water 12 g,~ 2.122 Ao=°°8 c
water -125 gX=gy=2.057, gz=2.238 AK= y=2.4, Az=17.4 a

-~
" Computer simulations were carried out by assuming four eqgivalent
nitrogen nf couplings

a/ ay, =1.30T, a; =0.8uT; o/ 2,=1.05 mT; ¢/ a.=1.2 nT;
N i N 0 IN] IR
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Captions for figures

Figure 1: ESR spectra of Cu(II) (L—His)z; a:in water solution
at 12 9C; b: in Zn(II) (L—His)Z.ZHZO lattice at 12 °C, tne marker

lines of Mn2t

in MgO can also be seen; c: computer simulation
with parameters given in Table 1
Figure 2: ESR spectra of Cu(II) (L-His),; a: in frozen water

solution at —125 °C; b: in 2Zn(II) (L-His),.2H,0 lattice at -4 °a

2
after cooling down from room temverature; c: the s=2me as b, but
after warming up from liquid nitrosen temperature

Figure 3: Tne ESR spectra of copper(II) doped Zn(II) (DL—His)2,6H20;
a: at -14 9C, b: at -20 °C, c¢: at —-24 °C

Figure 4: Temperature dependence of magnetic parameters A, and gy

for copper(II) doped Zn{II) (DL—His).6H20
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Electron Paramagnetic Resonance Investigation of Orientation
Produced by Mechanical Processing in the Fillers of Polymer

Composites

Antal Rockenbauer,* Laszlo Jokay, Béla Pukanszky, and Ferenc Tudos

Central Research Institute for Chemistry, Hungarian Academy of Sciences,
H-1525 Budapest, Hungary. Received June 18, 1984

ABSTRACT: Electron paramagnetic resonance spectroscopy has been applied in order to study the orientation
effects of mechanical deformation of the calcium carbonate fillers of polymer composites. The anisotropic
signals of Mn?* ions substituting Ca?* ions and electron defect centers in calcium carbonate served as spin
probes in these studies. The morphology of the calcium carbonate crystallites was found to play a dominant
role in the effectivity of ordering. Because of the mechanical deformations, the ¢ crystallographic axis of calcite
is preferentially perpendicular to the plane of compression molding and the direction of stretching in a variety
of polymer composites of low-density polyethylene, polypropylene, impact-resistant polystyrene, and plasticized

poly(vinyl chloride) containing different additives.

Introduction
The electron paramagnetic resonance (EPR) method has

been recently applied to the study of the orientation in the,

amorphous regions of polymers.!® In this work para-
magnetic molecules were introduced into the amorphous
region of elongated polymer films and the order parameter
of the partially oriented molecules was derived from the
angular dependence of the EPR spectra.

We have also developed an EPR method in order to
investigate the mechanically produced orientation of the
fillers in polyethylene composites.* In this case the Mn?*
impurity centers and the trapped electrons in the filler
served as natural “spin probes”. The advantage of our
method is that beside the experimental simplicity (no ir-
radiation and sophisticated chemical treatment is required
for introducing the probing additives and the samples can
be investigated at room temperature) the investigated
orientation effects characterize directly the interactions
between the crystallites of the filler and the polymer chain,

which plays a dominant role in the modifications of me-
chanic properties of the polymer composites.

In this paper the orientational properties of some in-
dustrial fillers (Durcal 2 and Millicarb; milled CaCO;)®
were studied and methods are developed for the complex
characterization of the orientation produced by the com-
pression molding and stretching of different polymer
composites. The degree of orientation is compared for
polyethylene (PE), polypropylene (PP), polystyrene (PS),
and plasticized poly(vinyl chloride) (PVC) composites.
The effect of an elastomer (EPDM) is also studied. .

Experimental Section

Polymer Composites. The following compounds were used:
PE, 80 wt % low-density polyethylene (Typolen: FA 2210, TVK,
Hungary) and 20 wt % filler (Durcal 2, milled CaCOj3 with average
particle diameter 3 pm, produced by Omya); PP/1, 80 wt %

' polypropylene (ethylene—propylene copolymer with an ethylene

content less than 5%, TVK, Hungary; Typolen K 501) and 20
wt % filler (Durcal 2); PP/2, 70 wt % polypropylene (K 501),

0024-9297/85/2218-0918301.50/0 © 1985 American Chemical Society
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Figure 1. Electron-microscopic picture of Dural 2 powder.
Magnification: 6000 times.

Figure 2. Electron-microscopic picture of Millicarb powder.
Magnification: 6000 times.

20 wt % Durcal 2, and 10 wt % elastomer (Buna AP 447, Hiils,
FRG); PP/3, 75 wt % polypropylene (K 501), 15 wt % Millicarb
(milled CaCO; with average particle diameter 3 pm, Omya), and
10 wt % elastomer (Vestapren 2047, Hils, FRG); PVC, 60 wt %
suspension poly(vinyl chloride) (Ongrovil S 5167, BVK, Hungary),
20 wt % filler (Durcal 2), and 20 wt % plasticizer (Eviplast 80:
diisooctyl phthalate, EVM, Hungary); PS, 80 wt % impact-re-
sistant polystyrene (Krasten 336, Czechoslovakia) and 20 wt %
Durcal 2.

The above composites also contain stabilizers, required for the
processing. The morphology of Durcal 2 and Millicarb is shown
on Figures 1 and 2. The electron-microscopic pictures are made
by Jeol type JSM-35 scanning equipment with an amplification
of 6000.

Orientation in Fillers of Polymer Composites 919

z

X

stretching

Figure 3. Orientation of the x, y, and z axes with respect to the
stretched polymer plate.

Methods. The ingredients of the composites were mixed in
a Rheomix 600 mixing chamber of a Haake Rheocord EU 10V
plastograph at 50 min™ speed for 10 min. The mixing temperature
was 140 °C for the PE, 170 °C for the PS, and 185 °C for the PVC
and PP composites. The blends were compression molded to 1
mm thick plates with 25-MPa pressure for 1 min. The temper-
ature of the compression molding was 140 °C for PE, 170 °C for
PVC, and 190 °C for PS and PP. From the plates tensile spec-
imens were cut and stretched at 100 mm/min deformation rate.
Rectangular plates were cut from the compressed and stretched
samples. The plates were stacked and mounted on a goniometer,
in which the rotation axis was perpendicular to the direction of
magnetic field. The plates were mounted at three different
positions: for experiment A, the rotation axis was parallel to the
stretching direction (axis x); for experiment B, the rotation axis
was perpendicular to the stretching direction and parallel to the
plane of compression (axis y); for experiment C, the rotation axis
was parallel to the normal of the plate (axis z). The orientation
of the x, y, and z axes fixed to the compressed and stretched plate
is shown in Figure 3. The EPR spectra were recorded by a Jeol
type JES-FE-3X spectrometer in X band with 100-kHz field
modulation at room temperature.

EPR Spectra of Fillers. The EPR spectra of both fillers
(Durcal 2 and Millicarb) reveal the presence of some transition-
metal impurities and defect centers. A characteristic anisotropic
signal of Fe®* can be seen at g = 4.3 and the nearly equidistant
six-line pattern of Mn?* ions at g = 2.00 can also be recognized.
The defect centers yield a complex pattern in the region g =
2.00-2.01. In order to study the orientation of crystallites in the
composites any of the paramagnetic centers can be applied as a
spin probe if the respective signal reveals substantial anisotropy.
The major requirement is that the signal bands, corresponding
to the principal directions, should be well separated. Then the
amplitude of the respective signal feature is proportional to the
number of molecules (or crystallites) in which the respective
principal direction (e.g., magnetic symmetry axis) is aligned with
the magnetic field. Such resolved bands can be recognized both
in the spectrum of Mn?* ion and in the defect centers.

On the basis of magnetic parameters obtained from the spectra
of Durcal 2 and Millicarb the Mn?* centers can be assigned to
Mn?* ions substituting the Ca®* ions in the calcite crystal lattice.
The single-crystal studies of calcite® reveal an axial magnetic
symmetry with a very small g and hyperfine anisotropy; thus, the
spectral anisotropy of a randomly or partially ordered powder
of calcite crystallites can be well described by the D axial zero-field
parameter.” At this approximation the resonance field of the six
major allowed transitions (AMg =1/, to !/, and AM; = 0) can
be written as

Hy(9) = Hy - AM; — (A2/2H)(I(I + 1) - M) —
2(D2/Hy)[(1 - AM;/H,) sin* 9 — 2(1 — 9AM;/H,) sin? 28] (1)

where 9 is the angle between the magnetic field and the ¢ crys-
tallographic axis of calcite, Hy = hv/gB8 = 333 mT in our exper-
iments, and I = %/, for the *Mn nucleus. The A hyperfine and
D zero-field parameters are expressed in magnetic field units: A
=94 mT and D = 8.0 mT.

The angular dependence of the six M; = %/4, 3/, ..., =5/
transitions is described by the last term in eq 1. The resonance
can be detected at the smallest'field if 9 = 90° (perpendicular
band) and at the largest field if & = 45° (nonprincipal band), while
the ¥ = 0° parallel band can be detected at intermediate position.
It can also be seen from eq 1 that the separation of zero-field bands
depends on the value of M. for negative M/, i.e., for the hyperfine
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0.1 mT

f t !

2=90° g=0°

g=45°
Figure 4. Fourth hyperfine line of Mn?* in the compression-

molded PE composite: the magnetic field is perpendicular (top)
and parallel (bottom) to the plane of compression.

lines observed in the high-field part of the spectrum, the per-
pendicular, parallel, and nonprincipal bands are better separated
than in the low-field part of the spectrum. For the purpose of
orientation measurements we selected the fourth (M; = -1/,)
hyperfine line, where the central band (i.e., the parallel band) is
not too small and separated by 0.4 mT from the perpendicular
and 0.8 mT from the nonprincipal band, respectively (Figure 4).

It is interesting to note that also the Mn?* ions in calcite were
applied by Blanchard and Chasteen® when they studied the or-
dering in the prismatic region of a seashell. In their case, however,
where the degree of ordering was large the angular dependence
manifested itself through the variation of line positions. In our
case—similarly to the oriented amorphous polymers studied by
Schuch'? as well as Shimada and Williams®—the low degree of
orientation results in variation of the amplitudes of spectral bands,
only.

Both the Durcal 2 and Millicarb possess a complex spectrum
of defect centers. As the orientation dependence of these lines
is studied only for the Durcal 2, we omit here the analysis of the
lines that can be detected only in Millicarb. In the spectra of
Durcal 2 four lines can be seen at g; = 2.0053, g, = 2.0034, g5 =
2.0021, and g4 = 2.0002, respectively (Figure 5). The line width
is rather narrow (ca. 0.02 mT) and no hyperfine splitting can be
seen. As a probe signal we selected the lines with g, = 2.0034 and
g3 = 2.0021, where the former has the characteristic shape of a
perpendicular band and the latter has that of a parallel band if
the powder pattern is determined by an axially symmetric g tensor.
These bands show angular dependence analogous to the per-
pendicular and parallel features of the Mn?* centers: the line
amplitude at g, has a maximum and a minimum at the same
orientation as the perpendicular feature of Mn?*. The same holds
for the line at g3 and the parallel feature of the Mn?* spectrum.
This observation suggests that the symmetry axis of the defect
center yielding the lines at g, and g; aligns also with the ¢ crys-
tallographic axis of calcite.

Though the origin of defect centers in Durcal 2 is probably
connected with the presence of impurities, we can tentatively
assign them to the irradiation-produced defect centers in calcite
single crystals of low impurity level. The spectra observed in
calcite crystals®!! were assigned to different molecular ions as
COy, COy7, and CO4*, but among them only CO, is stable at room
temperature. As concerning the position of bands, however, only
the g values of CO4> (g, = 2.0031 and g; = 2.0013) are in close
agreement with g, and g3; therefore, we assume that the center
under study in Durcal 2 is a CO4%" molecular ion stabilized by
some impurities (e.g., Fe®*). For this radical the symmetry axis
was found to be normal to the plane of COj, i.e., parallel to the
¢ crystallographic axis.!® It is in accordance'with our finding that
the parallel and perpendicular bands of the Mn?* ions and the
defect centers manifest analogous angular variation.
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Figure 5. Signal of defect centers in the compression-molded
PE composite: the magnetic field is perpendicular (top) and
parallel (bottom) to the plane of compression.

Results and Discussion

As has been pointed out in the previous analysis, the
amplitudes of the perpendicular and parallel features of
Mn?* ions and defect centers are measures of the number
of crystallites in which the c axis, i.e., the magnetic sym-
metry axis, is perpendicular or parallel to the magnetic
field. In all of the investigated polymer composites con-
taining Durcal 2 these spectral features show similar an-
gular dependence for the Mn and the defect signal. In the
compression-molding experiments if the magnetic field is
aligned normal to the plane of compression the amplitude
of the parallel band has a maximum and that of the per-
pendicular band a minimum. On the other hand, when
the field is oriented parallel with the plane, the perpen-
dicular band has a maximum and the parallel band a
minimum amplitude. In the stretching experiment, if the
field is kept normal to the plane of compression in the
course of sample rotation (experiment C), the parallel band
has a maximum when the field is perpendicular to the
stretching direction (i.e., H is aligned with the axis y) and
a minimum when it is parallel with the stretching (i.e., H
is aligned with the axis x). The perpendicular band
presents an opposite angular dependence. Consequently
the crystallites of Durcal 2 are oriented by the mechanical
deformations in such a way that the ¢ axis of the crys-
tallites always tends to be perpendicular to the direction
of deformation (i.e., the plane of compression and the
direction of stretching, respectively). )

If the polymer composite contains Millicarb as a filler,
a much weaker orientation due to the compression molding
and stretching can be observed. The trends, however, show
similar angular dependence for the parallel and perpen-
dicular features of the Mn?*. The smaller degree of ori-
entation of Millicarb crystallites can be related to the
morphology of the fillers. In Figures 1 and 2 the electron
microscopic picture of Durcal 2 powder shows some plane
portions on the surface of crystallites, while the Millicarb
crystallites are more amorphous morphologically.

Some conclusions can also be drawn about the orienta-
tion of the magnetic symmetry axis ¢ with respect to the
planes of the crystallites. If the filler is oriented by the
polymer under stress, these planes should be aligned with
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Table [ Table IT
r, Values for Mn?* Centers in CaCO; r, Values for the Defect Centers in CaCO,
degree of axis of degree of axis of
stretching, % rotation T, ry r, stretching, % rotation Ty Ty r,
PP/1 PP/1
0 xy 0725  0.725 0 xy 0.855  0.855  2.87
23 2 0.420  0.719 23 z 0619  1.01
92 z 0.179  1.025 92 z 0.306  1.58
155 z 0.185  1.124 155 z 0.353  1.70
187 z 0.205  0.943 187 z 0.389  1.58 3.86
187 x 1.014  2.87 187 x 1.62 3.51
187 y " 0.250 2.81 187 y 0.344
PP/2 PP/2 .
0 xy 0.722  0.722 0 xy 0.943 0943  3.28
21 z 0.461  0.752 21 z 0.685  1.045
58 z 0.362  0.813 58 z 0578  1.24
98 z 0.356  0.870 98 z 0.649  1.29
138 z 0.234  0.847 138 z 0.379 150
183 z 0.235  1.044 183 z 0.382  1.88
2924 2 0.240  1.00 224 z 0.323  1.62
224 x 1.01 2.56 224 x 1.82 4.95
224 y 0.238 2.59 224 y 0.333 451
PP/3 PE
200 y 0.521 0.962 0 xy 0.641 0641 451
PE 18 x 0.625  3.60
0 xy 0562 0562  4.24 ig Y 8:253 0714 3.29
18 x 0.481  2.89 123 y <0.25 4.93
18 y 0.552 281 123 z <0.25 1.01
18 z 0.565  0.578 205 y <025 455
123 z 0.118  0.926 205 > <0.95 152
205 y 0.115 3.91 278 y <0.25 4.65
205 z 0.108  1.235 278 > <0.25 1.42
278 y 0.087 3.91 336 x 117 5.32
278 z 0.084  1.114 336 y <0.95 538
336 x 1.018  3.94 336 z <0.25 1.43 )
336 y 0.083 3.94
336 z 0.093  1.07 PVC
0 xy 0.571 0571 595
PVC
0 xy 0481 0481  5.02 g x 0.238 0.709 g'gg
47 x 0.613 571 Y ‘ .
47 z 0.254  0.613
47 y 0.268 5.75
47 z 0.281  0.532 PS
S 0 xy 0917 0917 260
0 xy 0671 0671 215

the direction of deformation; i.e., the normal of planes
should be perpendicular to the direction of deformation.
As we have found above, the c¢ axis of crystallites is pref-
erentially perpendicular to the direction of deformation;
therefore, the ¢ axis either is parallel with the normal of
the characteristic plane of crystallites or at least should
form a small angle with it. The smaller is the angle, the
larger is the degree of orientation that can be obtained in
the EPR experiments. .

In order to compare the degree of ordering in different
polymer composites the variations in amplitude of the
perpendicular and parallel features should be measured
when the orientation of the sample is changed with respect
to the direction of magnetic field. A source of error in
direct amplitude measurements is the sensitivity variation
of the spectrometer during the sample rotation, which is
caused by the displacement of the sample in the microwave
cavity. This error can be reduced by averaging for different
sample positions with identical angle between the direction
of magnetic field and deformation. This method was ap-
plied in our previous work.* In this paper I;/I ;, that is,
the amplitude ratio of the parallel and perpendicular
features, is investigated, which is independent of the
sensitivity of the spectrometer. This ratio can directly
characterize the degree of ordering if it is compared with
(I;/1.), measured from the spectra of unoriented samples

(Durcal 2 powder). We obtained (I;/I,), = 0.200 and
0.0667 for the signal of Mn?" and defect centers, respec-
tively. The degree of ordering can be given by the pa-
rameters

re = /I e/ U4/ D (2)

where the k = x, y, z index refers to the direction of the
magnetic field in the frame fixed to the sample plate (see
Figure 3). If r, is larger than 1, the number of crystallites
in which the ¢ axis is parallel with the field is enhanced
compared to the sample of randomly oriented crystallites.
If r,, is smaller than 1, the orientation distribution is re-
versed.

The values of r, for different orientations of the com-
posites are summarized in Tables I and II for the Mn2*
ions and for the defect centers. Analogous conclusions can
be drawn from the two tables. The values of r,, r,, and
r, are affected differently by the processings, namely

r,.<1 r,>1 (3)

i.e,, both the compression and the stretching reduce r, and
increase r,; on the other hand, r, <1 if the sample is only
compression molded, but when the film is stretched, too,
the value of r, is increased and can exceed 1; i.e., the
compression dyecreases and the stretching increases r.,.
These observations suggest that the ¢ magnetic symmetry
axis is preferentially perpendicular to the xy plane of the
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Figure 6. Ratio r,/r, for the Mn?* centers vs. the degree of

stretching in polymer composites: (0) PE, (X) PP/1, (O) PP/2,
(a) PVC.
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Figuare 7. Ratio r,/r, for the defect centers vs. the degree of
stretching in polymer composites: (X) PP/1, (O) PP/2, (a) PVC.

compression and the x direction of the stretching. Pre-
viously we have arrived at the same conclusions when we
analyzed the angular dependence of the characteristic
features of spectra.
An inverse correlation is expected between the values
r, and r,: the relative number of crystallites, where the
magnetic symmetry axis is parallel with the field, is
measured by r, if the field is normal and by r, if the field
is parallel with the plane of compression molding. The
data of Tables I and II are in conformity with this ex-
pectation, but for a few entries the large r, value is not
accompanied by small r; value. It indicates the complex
nature of orientation mechanism. By means of EPR
spectroscopy the orientation distribution of magnetic
symmetry axis is measured with respect to the direction
of mechanical processing, but the mechanical processing
can produce orientation indirectly by ordering some
morphological feature of the crystallites. It means the
parameters r, and r, depend on two convoluted distribu-
tions: (i) the orientation distribution of some morpho-
logical feature with respect to the direction of mechanical
" processing and (ii) the orientation distribution of magnetic
axis with respect to the above morphological feature. -
The degree of ordering can also be characterized by the
ratios r,, r,, and r;; e.g., the ratior, /r, depends only on the
orientation produced by the stretching and is independent
of the orientation due to the compression molding. That
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Figure 8. Ratior,/r, for Mn®" centers vs. the degree of stretching
in polymer composifes: (0) PE, (X) PP/1, (0) PP/2, (a) PVC,
(+) PS.

L ! |

100 200 300
ﬂ'z o/ﬂ

Figure 9. Ratio r,/r, for defect centers vs. the degree of stretching

in polgmer composites: (O) PE, (X) PP/1, (0) PP/2, (a) PVC,
(+) PS.

parameter can be obtained via a sample rotation around
the z axis, i.e., when the field is set on the plane of com-
pression. On the other hand, the ratio r,/r, that can be
obtained via a sample rotation around the x direction of
stretching being perpendicular to the field characterizes
the ordering in the plane of the compression molding.
Figures 6 and 7 show the ratio r,/r, calculated frora the
spectra of the Mn?* ions and the defect centers, respec-
tively, as a function of the stretching degree. In the com-
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posite of low-density polyethylene a large and steadily
increasing degree of orientation is produced when the
degree of stretching is increased. A smaller but still in-
creasing degree of orientation can be observed in the
plasticized PVC and elastomer-modified PP. In the com-
posite of PP without elastomer the elongation was not
uniform; thus, the degree or ordering cannot be given as
a function of the stretching degree.

The r,/r, parameters for the Mn?* jon and for the defect
centers are plotted against the stretching degree in Figures
8and 9. If the samples are compression molded without
stretching, the degree of orientation varies in the order of
PVC > PE > PP = PS. It can be seen—most clearly for
the PE composites—that the orientation due to com-
pression molding is partially deteriorated by the subse-
quent stretching, and a new type of orientation is built up
perpendicular to the stretching direction, which yields to
the increase of r,/r,.

By a few randomly selected examples we have demon-
strated that EPR spectroscopy is a useful technique for
studying the orientation of fillers for a wide variety of
composites. The ordering of polymer composites in the
course of mechanical deformations is, however, a rather
complex process. It depends on the morphology of the
filler and the polymer, the structure of the polymer chain,
the temperature and other conditions of the processing and
the presence of different additives such as elastomers,
plasticizers, etc. Only a systematic study of these factors
can elucidate the mechanism of ordering, which can make
a valuable contribution to our understanding of the role
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which the different additives play in the mechanical
properties of polymer composites.
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II: COMPUTER ANALYSIS OF ORIENTED SPECTRA
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Abstract .

Electron paramagnetic resonance spectroscopy has been applied in
order to study the orientation effects of mechanical deformation
on the calcium carbonate fillers of polymer composites. The ani-
sotropic signals of Mn(II) ions substituting Ca(II) ions and elec-
tron defect centers in calcium carbonate served as spin probes.
The spectra of the electron defect centers and those of the Mn(II)
centers have been interpreted by axially symmetric g, hyperfine
and zero-field tensors. In latter case third order perturbation
terms of the zero-field and hyperfine interactions have also been
considered. The order parameter characterising the orientation
distribution of crystallites was calculated by a computer program
simulating the spectrum of differently oriented samples.

For both centers the axial direction of magnetic interactions was
found to be parallel to the ¢ crystallographic axis of calcite and
preferentially perpendicular to the plane of compression molding
and the direction of stretching in a variety of polymer composites:
low density polyethylene (PE), polypropylene (PP), impact resis-
tant polystyrene (PS), and plasticized polyvinylchloride (PVC)
containing different additives. The extent of orientation varies -
in the order of PVC, PE, PP and PS and is strongly dependent on
the morphology of the crystallites.

1. Introduction

The mechanical processing of polymers results in more or less ori-
entation of the polymer chain. The different spectroscopic methods
suitable for studying orientational effects /1-4/ (polarized ab-
sorption and IR spectroscopy, electron paramagnetic spectroscopy)
cannot offer direct information about the intact polymer chain.
For this reason, the orientation can be studied either by the mo-
dification of polymer chain (e.g. free radical centers formed by
means of irradiation), or by introducing é@st molecules into the
polymer, which can be oriented by the macromolecular chain. In
composites containing fillers, the crystallites of filler can also
be oriented by mechanical processing. If the shape of filler par-
ticles is strongly anisometric, that is the aspect factor, which
characterises the ratio of maximum and minimum diameter of par-

ticles, i1s larger than 20, substantial ordering can be observed /5/.
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This ordering can modify significantly the mechanical properties,
which gives industrial importance to this phenomenon. The ordering
of anisometric filler was studied mainly via its effect on visco-
sity and also by electron microscopy. In our previous paper /6/,
we pointed out that finely milled calcite powder applied as filler
can also be oriented by mechanical processing, even though the as-
pect factor should be réther small in this case. The ordering was

observed through the orientation dependence of EPR spectra of

electron defect centers and Mn(II) ions, which are present in the
calcite crystals. The spectra of these centers are characteristic
to magnetic interactions of axial symmetry: well resolved parallel
and perpendicular bands could be distinguished. In this paper, the
degree of ordering was given by the amplitudo ratio of characteris-
tic bands. The aim of present paper is to make our earlier results
more quantitative by application of computer simulation technique.
A method is to be developed for determining the order parameter
characteristic to the orientation of filler in case of compression

molding and stretching of the composites.

2. ExXperimental

The EPR spectra were recorded by a Jeol type JES-FE-3X spectrometer
in X band with 100-kHz field modulation.

The investigated polymer composites were the following: 80 wt %
low-density polyethylene and 20 wt % filler (PE); 70 wt % polypro-
pylene, 20 wt % filler and 10 wt % elastomer (PP); 60 wt % suspen-
sion poly(vinylchloride), 20 wt% filler and 20 wt % plasticizer
(PVC); 80 wt % impact-resistant polystyrene and 20 wt % filler (PS).
The filler was milled CaCO3 powder, Durcal 2 or Millicarb. All oth-
er experimental details are given in our previous paper /6/. The
computer program was written for.a KFKI (Hungary) produced minicom-
puter EMU 11, which is compatible with PDP 11 and the computer was

interfaced with a DT 1711 (Data Translater) AD-DA converter unit.

3. EPR spectra of partially oriented systems

Several computer programs have been developed independently by dif-
ferent authors in order_to study orientation effects in EPR spectra.
Konstantinov /7/ and Shimada /2/ investigated spectra that can be
given by an axial and rhombic g tensor, respectively; Ohno /3/
dealt with the spectra of Cu(II) and VO(IV) centers, where axially
symmetric g and hyperfinebtensors were assumed. Dantas /8/ studied

line shape variations of the incommensurate transitions. In all
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cases uni-axial orientation was assumed, except Shimada /2/, who

considered the effect of bi-axial orientation, too.

The simulation program, we are going to discuss in this paper,
works under the same principles applied by Shimada /2/ and Ohno
/3/. The major difference is that we should take into account the
zero-field interaction for describing the spectra of Mn(II) ions.
The spin Hamiltonian of axial symmetry consists of the following
terms:
H=g"BHzSz'Fg_LB(HXSx'*H

YSY) +A"SZIZ-+AL(SXIX-+Sny) +

+DISZ-ds(s+ 1, ‘ (1)

where Hx’ Hy and HZ are the components of magnetic field, g, and

g, as well as A, and A_L denote the principal values of g and hyper-
fine tensors, respectively, and D is the axial zero-field parameter.
In the case of defect centers, only the Zeeman term should be con-

sidered. Then the resonance field Hr can be given as

Hr(%) = hv/g (%) B, (2)
where
g(v) = (gfcosze + gisin26)1/2 , (3)

Here 9% denotes the angle between the outer magnetic field and the
symmetry axis of magnetic interactions. For Mn(II) ions isotropic
g and hyperfine tensors can be assumed. For the allowed MS==1/2 to

MS==—1/2 and AMI==O transitions, the resonance field is /9/:

CH_(9) = H-AM_ - (A2/2H0) [I(I+1) —M% +8DM_(2 -BSinz%)/HO]

(4)
- (D2/H0) [ (1 -AMI/HO) sin4% -2(1 - 9AMI/HO)sin22 91,

where perturbations up to third order are carried out. Here HO =
hv/gB, I =5/2 and S=5/2 for Mn(II) ions. The parameters A and D

-are expressed in magnetic field units.

The EPR spectra of partially oriented systems can be calculated by
applying the Pz(%) orientational distribution function, which gives
the number of particles where the magnetic symmetry axis (denoted
by z") forms & angle with the z direction of magnetic field. Let
us assume Pz,(s') uni-axial cylindrical distribution around the

z' direction (axis of director), and denote with 3' and & _ the

G
angle of director with respect to the magnetic symmetry axis and
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the‘magnetic field, respectively. Then PZ(Q) can be expressed as:
2m ‘
1
9) = = ' 5
P (0) = 5= | B, (s (0)) 0y (5)
0

The relation between the above angles is the following:

9' () = cos_T(coswvsin%O»sins + cosy,°CcosH ). ‘ (6)

0
In the case of bi-axial orientation an additional integration can
. be carried out with the product of two distribution functions /2/.
This procedure is not discussed here, since the effect of two kinds
of orientation can be investigated separately, if the samples are

properly mounted /6/.

The two types of mechanical processing applied, namely, compression
molding and stretching, yield orientation distribution of opposite
sense. Compression molding can align e.g. flake-like particles in -
the plane of compression, i.e., when the normal of flakes and the
compression plane tends to be parallel. On the other hand, stret-
ching will align the normal of flakes perpendicular to the stret-
ching direction. Consequently, Pz‘(%') has its maximum at ' = 0°
and 9' = 1/2 in the case of compression molding and stretching,
respectively. For rode-like particles, opposite orientation is ex-
pected. The actual distribution function, however, can be rather
complex, because it depends not only on the geometrical distribu-
tion of filler particles, but also on the relativ orientation of
the magnetic symmetry-axis with respect to the dominant morpho-
logical feature of particles. This latter orientation should have
its own distribution if the milled calcite contains particles of
rather amorphic shape. Even though, as a first approximation, we

assume a simple exponential distribution function as:
o= 2 o :
PZ.(% ) = exp(assin” %'}, (7)

where the a parameter can be either negative or. positive. For
positive a parameter, the preferential alignment is at 8! = /2,
while for negative a parameter at 9% = 0. In other words, the

order parameter of distribution,

£ = <3cos’or - 1>/2, (8)

is positive i1f a is negative, and negative if a is positive.
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The shape of EPR signal can be obtained by integration over the
angle 9:

T
S(H) = J{ PZ(%)G(Hr(e) - H,AH)sin $d%., (9)
T 0

where the small angular dependence of transition probability is
neglected, and the G line shape function is the first derivative

of a Lorentzian or Gaussian function and AH is the line width pa-
rameter.

When the spectra of defect centers were simulated by the above pro-
cedure, good fitting was achieved; but for the Mn(II) hyperfine

lines, the agreement was poor. If the line width parameter was ad-
justed for the perpendicular band, the parallel band did not appear

at all. This discrepancy is a consequence of the angular depend-

0b5mT

Fig. 1: The fourth Mn(II) hyperfine line of the EPR spectrum of
Durcal 2 filler. Full line: experimental, dotted line: calculated
with parameters: g=2, A=9.40 mT, D=8.0 mT, AD=0.8 mT and

AH0==O.O4 mT.
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ence of line width, which reflects tﬁe distribution of D zero-field
parameter from centers to centers in the filler /10/. We take into
account this effect by the method of moments. As it can be seen
from Eq. (4), the resonance field is a quadratic function of the

D zero-field parameter:

2
= + D”. 0
H_ ‘ Hy + H1D H, (10)
If a Gaussian distribution is assumed for the D parameter, the

second moment of H_ can be given as:

—— 202 2 w2 2
(Hr—Hr)z = AD“[H] +H5 (4D +3AD%) ] (11)
where

2 — 2

AD = (D"D) .

Thén the angular dependent line width can be given as

- 2
AH2 = AHg + (Hr—Hr) ' (12)

where AHO stands for the intrinsic line width.

0o’

Tig. 2: The fourth Mn(II) hyperfine line of compression molded PVC

composite. Left: $;=0, richt: o, =m/2; f,, =0.025, full lines: ex-

perimental, dotted lines: calculated; parameters: see Fig.1.
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Fig. 1. shows the experimental and simulated curves of the fourth
Mn(II) hyperfine line. It can be seen that the line position and
the line shape of different bands (perpendicular, parallel and 45°
bands in order) are well reconstructed, only at the wings can be
éeen a slight deviation, which is, presumably, a consequence of

non-Gaussian character of the distribution of zero-field parameter.

The effect of partial orientation is demonstrated in Fig.2. The
amplitude of the parallel band is reduced when the field was

aligned in the plane of compression.

Iﬁ order to reinterprete our data obtained from the ratios of the
parallel and perpendicular bands /6/, a series of simulations was
carried out as a function of order parameter. The amplitude ratio
of characteristic bands in the simulated spectra are shown in Fig.

for the cases, when the director of orientation is parallel and

perpendicular to the magnetic field, respectively.

0.6

0.4

0.2

Fig. 3: The amplitude ratio of parallel and perpendicular bands of
the fourth Mn(II) hyperfine line as a function of order parameter,
full line: %O==O; staggered line: 90 = /2

4. Results and discussion

In the case of uni-axial orientation, i.e., when the composite
blends were processed by compression molding, the order parameter
fCM was determined from the spectra taken with macnetic field in
the plane and normal to the plane of compression. The stretching

of compression molded blends resulted in bi-axial orientation.
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Then the spectra were taken at three orthogonal magnetic field di-
rections, and the relative amplitudes of characteristic bands were
analysed with the help of computer simulations. The order parame-
ters for compression molding (fCM) and stretching (fStr) were de-
termined separately for the blends elongated by different extent.
The data for different PE, PP, PVC and PS composites are shown in
Fig.4. All data refer to burcal 2 filler and the analysis of the
fourth Mn(II) hyperfine line. The signal of defect centers is also
analysed, which yields to analogous, but less accurate results,

than the investigation of Mn(II) lines.

The most characteristic feature of the ordering experiments is that
the order parameter of compression molding is always positive,
while that of the stretching is negative. In the electron micro-
scopic picture, some planes can be seen on the surface of filler
particles /6/, therefore, we can assume the particles are oriented
like flakes and not as rods. It means the compression tends to -
orient the flakes in its plane, while the stretching preferentially
orient the flakes into a position parallel with the director. In
other words, the normal of flakes is parallel with the director in
the case of compression, while it is perpendicular in the case of
stretching. In our experiments, naturally, not the ordering of any
morphological feature was determined, but the orientational dis-
tribution of the magnetic symmetry axis. As this order parameter
was positive and negative for compression molding and stretching,
respectively, we can conclude that the magnetic symmetry axis is
parallel, or, at least, forms a small angle with the normal of the
plane of particles. The single crystal studies of calcite demon-
strated /11-15/ that the magnetic symmetry axis is parallel with
the ¢ crystallographic axis both for the defect centers and for the
Mn(II) impurity centers. Consequently, the c crystallographic axis
of calcite crystallites 1s oriented preferentially normal to the

plane of compression and perpendicular to the direction of stret-
ching.

From the variation of fCM and fStr versus the degree of elongation,
similar conclusions can be drawn as we arrived at previously, when
the amplitude ratio of characteristic bands was analysed. The com-
pression molding can build up orientation of the fillers in dif-

ferent polymer composites in the order of PVC, PE, PP and PS. Owing
to the stretching, a new orientation appears in its direction, but
simultaneously the orientation of compression is slightly dete-

riorated. In the case of Millicarb filler, one PP composite was
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Fig. 4: The order parameters for compression molding (£

cy! and
stretching (fstr) as a function of relative elongation of composite
blends, A: PVC, O: PE, X: PP and o: PS

investigated. The order parameter was found 0.045 in this case,
which is significantly smaller than the order parameter obtained
in composites containing Durcal 2. The lesser ability of orienta-

tion of Millicarb filler can be explained by its more amorphic
morphology.
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Summary

Kinetic Electron Spin Resonance spectroscopy has been applied in
order to follow variation of peroxy radical concentration in the
cumene—anthraquinone system in the presence of oxygen and during
UV irradiation. Periodic variation of concentration was observed ,
which can be caused either by hydrodynamic convections, or by dif-
fusion controlled photochemical oscillations. For the latter case
a model was suggested, in which the anthraquinone regeneration
controlled by the local oxygen concentration can serve as a feed-
back mechanism, and the oscillations can be maintained by con-
centration gradients between the irradiated andwdark zones and .
by the different diffusional rates of oxygen and anthraquinone.

Introduction

Recently a few papers appeared that accounted for periodic or
aperiodic instabilities in the light emission or absorption of one
of the components in various photochemical systems[1-71. It was
originally claimed that the osciliating behaviour is a consequence
of comBined effects of the diffusion and photochemical processes.
Though photochemical oscillations can exist in principle, as it was
pointed out by Nitzan and Ross[8], most recent investigations cla-
rified the actual reasons of reported oscillations: they were cre-
ated by time-dependent hydrodynamic convections caused either by

gas evolution|7] or temperature gradients in the sample[9,1Q]a
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In other words, none of the reported systems can be considered
as a realisation of true»ﬁnotocnemiéal oscillator. Conmon
feature of the previous experiments was that both the stimula-
tion of processes and the detection of variations were carried
‘out by optical means. Since free radical reactions always take
place in photochemical systems, the Electron Spin Resonance
/ESR/ spectroscopy being a sensitive tool for detecting free
radicals seems to be a promising method in the study of kinetic
instabilities in photochemical systems. The ESR technique was

also found useful in studying oscillations of Mn2+

ion con-
centration in the classical Belousov-Znabotinskii reactions.

In this paper we report on our kinetic ESR investigations
of peroxy radical concentration in tne cumene-—anthraquinone
system in the presence of oxygen and in the course of UV ir-
radiation. This work has led us to the discovery of periodic-
ally cnanging radical concentration. We raise the question
whether a photochemical oscillation can occur in this case
and offer a qualitative scheme, as a working hypothesis, in

order to explain tne observed periodicity in the kinetics.

Experimental Section

The UV irradiation was carried out by a high pressure mercury
lamp in situ of the cavity of ESR spectrometer /JEOL-JES-FE-3X/
working in X band with 100 kHz field modulation. The temperature
wae varied in the range of —7000 to —8500, Portions of cumene
solvent containing 10—2 - 10“3 M anthraquinone were inserted in
quartz sample tubes of’5 mm inner diameter upto the heignt of 4 cm.

(Fig.1) Botn air-saturated solvents of g§.10"4 M1 dissolved oxygen
concentration and solvents with reduced oxygen content /ca. 10—5M/
were investigated. Closed sample tubes were used to minimize

external oxygen uptake in the cource of irradiation. The irradi-
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ation reached the sample tubes within a zone of 5-25 mm. At tne
330 nm absorptioﬁ band of antnraquinongjzg wnere the cumene
has no absorption, the depth of light penetration 1s no more
tgan a few tenth of mm at the applied concentration range, that
is an irradiated and a dark zone should be distinguisned, where
fne volume of irradiated zone is much smaller.
Results

In the photochemical system under study, two types of ESR
signal can be detected at low temperature. One of the signals
was observed only at low oxygen concentration and decayed within
a few minutes at -80°C during irradiation. On the basis of
g value /2.0037/ and the hyperfine pattern of four equivalent
protons /ag=0.3 nT/ this signal can be assigned to the QH® semi-
anthraquinone radicaijBJ QH® can be formed by hydrogen abstrac-—
tion from cumene /RH/ by the triplet state anthraquinone /QT/TJ/Jrj

through reactions:

—
w0
Q
=

Q o+ hy —= Q¥ =, Q /1/

and o v
Q + RH —_ QH* + R° . /2/

The alkyl radicals formed in reaction /2/ cannot be detected
under the applied experimental conditions due to their fast
termination processes:

2 R° o products /3/

Interestingly, in triisopropylbenzene at —5000, where the very
nign viscosity effectively blocks translational diffusion, wnile
the rotational diffusion is still fast, the signal of tertiary
alkyl radicals can be detected at g=2.0027 with hyperfine coupl-
ings of aey™ 1.632 mT and a3H=O.5 mT.

If oxygen is also présent, a singlet signal appears at

g=2,015 during UV irradiation in the cumene—-anthraquinone system.
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This signal can be assigned %o ROé peroxy radical;jSJformed by
the oxidation of alkyl radicals:
R® + 0, —= RO, . /4/

The peroxy radicals at —7500 proved to be persistent enough
for studying the kinetics of its formation and decay. In this
kinetic ESR experiments, the magnetic field was fixed at a Valuéﬁ6g
where the g=2.015 signal has a maximum and the amplitude was
measured during UV irradiation.

F:&% 7 — The observed kinetics of peroxy radical formation and decay

Fﬂﬂg.g . depend critically on the flux of irradiation changed by the slit
of irradiation window and the relative concentration of anthra-
quinone and oxygen. In case of nhigh anthraguinone concentration ,
the fast build up is followed by a fast decay without oscillation
/See Fig. 2/. There is a shoulder on the decay region, which |
is probably not caused by the concentration variation of peroxy
radicals, but the line narrowing effect of smaller oxygen con-
centration. Namely, at higher oxygen concentration the peroxy
signal is somewhat broader, which yields to a smaller amplitudé°
This effect can be partially compensated by using a modulation
amplitude higher than the line width. In the course of irradia-
tion, the observed decay rate of peroxy concentration was found
to increase with the increase of anthraquinone concentrétion and
witn the decrease of temperature. Consequently, the decay of
peroxy concentration is caused by tnhe depletion of oxygen in the
irradiated zone, which cannot be balanced by the diffusion from
the dark zone. If the irradiation is switched off until the
diffusion regenerates the oxygen concentration /See Fig. 2/,
a signal overshoot can be seen when irradiation is resumed. There
is a remarkable difference in the diffusion rate of oxygen and
anthraquinone, however. It cin be visually seen, that discolora-—
tion caused by the photo-product of antnraquinongjzé is limited

to the area where the incident lignht reached the solvent.
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In the experiments, where the anthraquinone concentration
is smaller or the slit of irradiation window is thinner, the-
build-up period of peroxy radicals is followed by a slow decay
modulated witn equidistant oscillations /See Figure 3 /. Then
oxXygen regeneration by diffusion from tne dark zone into the
irradiated one can maintain a concentration, where the oxidation
rate of alkyl radicals in reaction /4/ is fast with respect to
the termination processes of reaction /3/. In this case the
slow signal decay can be caused eitner by the consumption of the
overall amount of oxygen in the sample or by the local deple-

tion of antnraguinone in the irradiated zone.

Discussion

In tne light of previous works, wnich gave ample evidence
that all reported oscillational phenomena in the pnotochemical
systems are related to nydrodynamic Convectioné7’9’102 great
care should be taken before any system is claimed to be a true
pnotochemical oscillator. It was pointed out by previous
autnorg1—jjtnat the periodicity is poorly reproducible and
quite often aperiodic variatiéns in the emitted light intensity
can be observed. The phenomena were also found highly sensitive
to the stirring of the sample. In our experiments we obtained
quite good reproducibility, though the amplitude of oscillation
was different from éxperiments to experiment, the periodicity
and the regularity of oscillation profile was stable. Also by
hitting or turning away the sample tube we did not observe
break down of oscillations. We studied the oscillatory behaviour
in a rather narrow temperature range /between -75°C and -85°C/
since tne life time of the peroxy radical was long enough only
at low temperature§16g The time of periodicity varied between
40 and 60 s, and was found to decrease slightly with increasing

temperature and with reduction of the illuminated area. The
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above mentioned characteristics seem to indicate a non-convec-—
tional origin of oscillation in the anthraquinone-cumene system.
Tne role of convection, however, cannot be excluded with
certainty in our experiments, since in the neat isolated Dewar
vessel of temperature control unit the incident light may cause
a slight loéal warming up and the special geometry of sample
tube and high solvent viscosity at low temperature might stabil-
ize the convectional oscillations.
In the following we outline a qualitative model in order to

show tnat, at least in principle, the photochemical processes
and the diffusion due to concentration gradients within the
sample can yield to oscillatory variation of peroxy concentration.
Any mechanistic scheme describing oscillation should include a -
feedback mecnaﬁism. In our system this can be the anthraquinone
regeneration in the presence of oxygen:

T o+ 0, — Q + HO, /5/
The regeneration is complete if the oxygen concentration is
largéj4q If the oxygen concentration is less than a critical
value, the concurrent reactions:

2 QH* ——— Q + QH2 /6/

and
QH* + RH — R* + QH, /1/

can prevent the complete anthraquinone regeneration, since the
reaction of QHZ dihydroxy anthracene is also controlled by the
oxygen concentration:

H, + 0, —> Qi + HO, . /8/

The different life-times aad diffusion rates of radicals R°,
ROé, HOé and QH® are the source of concentration gradients
between the irradiated and dark zones. In the experiments,
wnere tne rate of oxygen consumption and diffusion is compar-

able, the fast reactions /4/ and /5/ consuming oxygen take mainly

place in the irradiated region of solvent and thus no alkyl and



. - 162 -

semiquinone radicals can diffuse out of tne irradiated zone.

On the other hand, the self-termination processes of peroxy
L16,17,18]

radical are rather slow:
2 RO; —_—— 0, + products /9/
and 2 HOé —_— O2 + HZOZ . /10/

which means a great portion of peroxy radicals can diffuse
into the dérk region of much larger volume and regenerate the
oxygen there.

Since reactions /9/ and /10/ can restore only half of the
oxygen consumed by reactions /4/ and /5/, the irradiation will
continuously decrease the overall amount of oxygen in the
sample, but the oxygen consumption is limited to tne irradiated
zone, In FPigure 4 the local concentration of oxygen and anthra-
gquinone is shown in the irradiated zone. Point A snows the time
wnen the oxygen concentration decreases below the critical
value in tne irradiated zone. The concomitant conversion of
anthraquinone into QH, by reactions /4/, /5/ and /6/ will impair
tne efficiency of alkyl radical generation by reactions /1/ and
/2/, and thus the rate of peroxy radical generation will also
be reduced. While the anthraquinone concentration is decreasing
in the irradiated zone, it is regenerated in the dark region,
wnere QH, can diffuse to and can produce Q by reaction /8/,
since the oxygen concentration is large there. Due to the slow
diffusion of anthraguinone, however, this process can only
sligntly contribute to the concentration gradient between the
irradiated and dark zones. This stage of process, AB and A’B’

in Figure 4, can be characterized as a period of increasing

4 ”

Fq(%,Q concentration gradients.

This stage will be ended due to tne following reasons:
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i/ increasing concentration gradients accelerate diffusion,

ii/ decreasing antnraquinone concentration in the irradiated
zone reduces gradually the rate of oxjgen consumption there and
the rate of oxygen regeneration in tne dark region. In a smaller
extent, the same holds for the concentration variation of
anthraguinone.

The reason, why this stage does not end in a stationary
state, is that the balance between opposite diffusional processes
is achieved sooner for the oxygen, than for the anthraquinone,
nence their rate of diffusion is markedly different. It means
wnen the oxygen concentration reaches 1its minimunm /point B/,
the anthraquinone concentration is decreasing furtner /B°C?
interval/. This will result in a slower oxygen consumption in
the irradiated zone than the diffusional transport due to the
concentration gradient, i.e., the local oxygen concentration
will temporarily increase /BC/. Wnen the increasing oxygen
concentration reaches the critical value /point ¢/, the antahra-
quinone regeneration by reaction /5/ becomes fast again and the
second stage of oscillation, where the peroxy radical con-
centration is increasing, will be started /point C?/. This is
the stage of oscillation, wnere the concentration gradients
are decreasing. As the increase of anthraquinone concentration
enhances the oxygen consumption its increase is stopped at the
time D. The increase of anthraquinone concentration and oxygen
consumption, however, still goes on, which yield to the decrease
of oxygen concentration until it reaches the critical value
again in point E. Tnen the first stage of oscillation, where
tne peroxy concentration is decreasing, is started again.

Tn tne above model an irradiated and a dark zone was
distinguished but their borderline is not fixed, since the trans-
parency of solvents is affected by the change of anthraquinone

concentration. Thnis effect snould also be considered in a more
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quantitative approach.

Conclusions

In this paper we demonstrated tne oscillation of peroxy
radical concentration in the antnraquinone-cumene system in the
presence of oxygeﬁ, where the alkyl radicals have been generated
photochemically. As far as we know, it is the first case when
periodic variation of peroxy radical concentration was detected
experimentally and also the first example of a photochemical
system, where oscillation was discovered by ESR spectroscopy.
The origin of the reported oscillation, however, is not yet
clarified with certainty: it can either be a consequence of
nydrodynamic conveciion or it can be a phnotochemically driven
oscillation combined with diffusion which is controlled by
concentration gradient varying periodically. As a working hypo-
thesis a qualitative photochemical model was suggested, which
can account for the observed oscillatory behaviour. Additional
work is necessary in order to prove whether the oscillations
we discovered can be considered as an example of true photo-
chemical oscillator.
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Figure 1. The geometry of experimental apparatus a:irradiation

slit, b: ESR cavity, c: Dewar, d: sample tube

Figure 2. Kinetic ESR spectra of the g=2.015 peroxy free radical
signal in air saturated cumene containing 8,X1O—3 M anthragquinone
recorded at -83°C. The arrows indicate the time of switch on and
switch off of irradiation.

Figurez . Kinetic ESR spectra of the g=2.015 peroxy free radical
signal in cumene containing ca. 10—5 M dissolved oxygen and
4.}(:10-'3 M anthraquinone recorded at —7SOC° The arrow indicates
the time when the irradiation was started.

FPigure4 . Schematic representation of oscillating oxygen (full
line) and anthraquinone (staggered line) concentration as a

function of time in the irradiated zone of sample



- 167 -

ya N 4 y
S aeiy tedaog N2y L) %Q
[ negrIyIal )T el

NO

SO0l




- 168 -

/

| \ A Q\\*»\\\@ \.\_\C\\ﬁn ¢ “_.T»N\m\mr\w%x . m ) ‘Wa@\\u




- 169 -~

CEMER

4

L




	rockenbauer dok
	rockenbauer dok2

