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DIPOLAR BROADENING OF EPR SPECTRA DUE TO SOLUTE

.. SEGREGATION IN FROZLN AQUEOUS SOLUTIONS®

. Robert To Ross
Department of Chamistry and Lavrence Radiation Laboratory, Laboratory .

of Chemical.Biodynamlcs. UniVorsity of California, Berkeley, California

‘Abstract
* _ f " The possibility that concentration e}fects dus to segra=
éatidn may océur in the spectroscopy of frozen solutions is
often neglected. In EPR spéctroscopy, segragation of paras=
: magnetié soluté can cause dipolar broadening of fhe spactra, i
EPR épectra of Mn?* and Gd?* in a humber of frozen aqueous solu=
" tions hava shown that this occurs frequently, and published
~spectra of frozen aqueous ¥n2* have been reinterpreted
' accordingly. The causas and - COBSOQUanaS of 1nhomopene£ty,
and seloction of frozon solution matricas to avoid {t, are _

hr19f1Y discussed, R - T .

e ]
' 5
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INTRODUC’}‘ION

ISOIutions frozan to low temée?atuies ara frequent subjeats for
a variety of'speqtroscOpic investigations. The most familiar of these
are the electronic spect;é of moleculeé fpozen inte an organid solvent
glass. Freezing has also been used to prefent-the'répid recombingtion
of'foa?fiva elements in radiatioﬂ'chemistryi and photochamistry,

In the past thres years frozen solutions.gavo also been subjects-
i for investigation by eléctrQn paramagnetic résongncq (£PR). &osr ofﬁ

‘these studies have used an organic matrix,2°% but recently some use has

been made of frozen aqueous solutions,5=7 ' T

-
\

The possibility that freesing may cause high local concentrations
. of the molecule under study is often not considered. V¥hile concentraQ ’
tion effects m;y not significantly affect some parameteﬁé, others may -
be drastically altered. ‘E;ectrOnic'spectra of me£51 fons are rela-
| tively inﬁen;itive to high concentration;e but the intensity of spin
forbidden tiansi;ions in aromatié compogndslmay be greatly'affectea‘by
the proximitonf anothar’sélute molqculafg Local conoentfations of
reactiva'sﬁgcies in radiation experiments ﬁay_gieatly.increase feaction
- yields of certain products,10+11 |
| In EPR spectroscopy high local céncantratiqna of paraﬁagnetic-
- species will result invelectron'bpin dipole~induced varié;iona in fbe
local magne;ic’fiélds of the {ons studiéd,‘causing broadening[ofbthé
EPR spectrums -+ - B o i'i.,V( |
'This_papef considers_the requivé&aﬁts;fér a fluid sample remaining

homogeneous on solidification. and pressnts evidence that’sggregation

H
Wt
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3=
.of solute moleculaes does occur in frozen aqueous oolutions vhich had
been praevinusly oasumed to be essentially homogeneous. Soma published
‘EPR‘observations hava been reinterpreted in the'light of our experiments,
| FROZEN SOLUTIONS -

The concentration o?.SOluta on cooling may be considered as being

'duo to three mechanismsl. solute aggregation. solute crystallization,
and solvent crystallization. The'moleculas of interest, Q, way aggref
. gate as the equilibrium oA = QP is shifted to the right by lower tempera=
tures. Rolated to aggregate formation is the appoarance of crystala of
l* Q due to a decreased solubility on cooling. ' o ' .

¢

aolvent may also separate as a orystallino phaae. restricting j;

5
v

solute to the remaining voluma, Particularly in aqueous solutions,

whore strong hydrogaen bonding makes tro icarstrocturo very raluctant to’
‘include a foroign ion, crystallization of solvent as a virtually pure .
phase will greatly concantrats solute specios in the interstices of
solvent cfystals. Subsequent to this concentration, the solute A nay
'.aggregato or ‘crystallize, or rapid oooling may trap individual moleculosl
in a disordorod phasae. ‘

If solute ~ solute interactions aro to be avoidad. aggragation and
crystallization of A must be hindared, and the volume of the disordered
| phaao(a) containing 4 must be maximized. Aggregation may be minimized
by a,judioious'choise of medium, and solute cryatallizationrcan be dis~.
couraged by staying well below saturation concentrations.i.ﬁ disordared
phasa containing Q nay be.crystalsgof solvant‘or othor-solute with I3
ooourring as defeots; or the phase may be non-oryatallioo. in‘experi~
mants'in rrozen solution, one usually hopes that the rolocoles of |

intersst are in a non-crystalline matrix.

v . .
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) anlfem’
Non-crystalline-("glass") regions will result on cbdling a liquid .
only if diffusion is halted by increasing viscosity before chemical

 equilibrium can be attainad. Glass formation will ba favored if the

o diffusxon rate is slow at the freeziag point. if crystal nuclaation is

. diff&cult. or if the rate of ¢rystal grog;b is elow.;2s13

Glass formgtiob on cooling a pure liiuid is févoved by high vis-l

. cosity, 16w:froezing poinf,‘low molecular sysmatry, compleg erystal
.vstructure..the possibility of inter-molecular ;onds_which do not cocfes¥

pond to portibns of the crystalline structura, and difficult nucleafion.

Individusal componants of a mixture to be used in glass formation should

~ bo selected with these features in mind also. X _ B o

_The use of a mixture also»introduces a number of other poésibi;ities

for favoring glass formationt Freezing points can be lowered. Eutectic

o mixtures may be stabla'cryétalline phases, causing cryéfal growth to .

be glower because of the more complex crystal structure. }11 rates of
- crystal growth will be reduced by the pvesanca of foreign molacules,
which must diffusa away from‘a growing crystal plane before a new layar
can bé‘addad. The amount of intor-molecular bonding not corresponding
to a stable structure might be increased. ‘
| Aqueous solutions are of particular intereat bacause éf the.

K .ubiquitousnass of this solvent,'parﬁicularlyf;n bi9logical systems.
The reasons'fér doing experiments at loﬁ,temperatures are as c&mpeliing :
for water as for any other solvent. but tha problams may ba greatar.v

Tha kinetics of ice crystal g;owth hava been extensivaly invasti—~
gated.1“ 15 An 1ce crystal 1n water supercooled by 50 will grow at

1 cm/sec; at -10° 1t will grow at 7 cm/sec. ‘FrOaGn aqueous solutxons

e . ' N » . R . ‘ < .
L TN ; o ;
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«Se
are fraquently obtalned by plunging sample tubes with a bore of
séveral millimaters into liquid nitrogen; fhis con?enient but r§la-
tively slow means of cooling requires éeveral seconds to freeoze a
sample.15 and wa can anticipate significant ice crystal formatioﬁ.

In their recent papB? on the EPR spectrum of manganous ion in
- frozen solutions; Alleq,and MebaertS sugge;t that resolution of hypér-
fine structure oa tha.aédition of chloride-before freezing aguecus
sblﬁtioné is due to a change in crystal field parameters., We suggest,
rather. that the broad stvuctureless line observed by Wakinm and dolle.
and by Allen and Nabert, for frozen solutiona of a manganous salt
alone 'in water 1s caused by manganese = manganeﬁe dipolar broadening.ih'
Additioﬂltb the solution of other sdlute, whether ox nof a éhloride,
decroases the local concentrations of the paramagnetic ions on frmezing,
‘and hence diminish dipolar interactions. "

With some knOdladge "of glass chemistrj. and soma physieal data o
on aqueous systems, one may be able to zurmise vhich additives will
bs more ;ffective in decreasing the volune occupied by ica CPY&tBlSo
'Doping agents which will 1nteract significantly with tha molecules
studzed ‘must naturally be avoided. . ‘ ‘

Lusana17 studied the affect of different solutes on the rate of
. growth of ice crystals from aqueous solutions smercooled by 10° : He
found alecohols and sugars to have the greatest growth retardinh effect.

Ethanol 25% by weight reduced the rate of linear grawth by looo-fold.

Extensive information £s available on, the fraezin" points of binary

mixtures with water.la Again. the alcobols. with eutactics balow -100° o

¥

_should_be relatiyaly-effectivc in pveventing,ica‘crystallization. The
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commod nineral salts and dioxane have ‘eutectics in the =2° to ~255
”range; and might not work as well, _

élyderol. which is extrzordinarily difficﬁlt'to crystalliée. ﬁight
be'exﬁected to be quite effective. This compound is routinaly used tdl
'protect biological cells on freezing, and it has been proaosed that ;
its primary moda of action is prevention of cell damage caused by
greatly 1ncreased fonic concentrations on freezing,19
| . EXPERIMENTAL M"L FOD |
E?R spectra were obtainad withvan X=band spectfometer operating
&t 9.1 Ge, A d&ri?ative preéentation'of th§ spactrun resulted from
' 'phase~sensitive detection of the absorption with 100 Xe field modula=:
.tion of 3 oe amplitude. A rectangular TBlOé cavity (Varian V-4531) wa;
:'uoed with a’ quartz jacketed gas flow coolxng systen (Varian V-u547
_ olightly modifiad).; Liquid samnles at room temparature vere placed
in 3 mm bore quartz sample tubes, and cooled by immersxon in lxquid
nitrogen;beforo placement $n the cavity.; Samplc temperature in the
caQity was aboutvsoa K,'and'was'hot'a cvltlcal pa:ameter.

All solutions used were saturated with alr. Attempts to observe
- a line broadening effect in frozen aquaous solution due to the para-
mapnatzsm of 0q were unsuccessful. ' iv"

Gadoliﬁium perchlorate wasimadel$§ thela&ditionfof's ¥ perchloric
acid to Gdzoau and dilutad to the desired strangtho .The stbck solhtion
- used was .0.0040 X in Gd(C;O“)a, and waa 0.040 M in HClO to hind@r ‘ |

~

hydrolysis. ,
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EXPERIMENTAL RESULTS

Spin dipole-dipole interactions are not tha most sensitive effect
dependent on sample homogeneity, but they have the advantage that the
gffect is understocd’theoveticaliy. and is easily related to experimental
parameters.v The &ipolafginteraction betwsen two paramagnetic species‘
is given by the classical relation Ej = pr~3 (1 - 3 coszﬁ).,‘Van;Yiéckgg.has
considered the effect of this~in€eraétion on the shap; of anIEPR line.

Its contribution to the width of the line betweon points of maximum

slopo is given by the relationship

AH 8 2gB£3$(s+1)/532 <::T£ri 6)f:>>
i#3 average over i ;

for & sample with randomly oriented ions.

The value of tha r=3 s#mmation over all iohs depends méfkadiy‘bn t%@
‘randomass ofISOn = ion disfances. For a completely random diatribution.
,'this average is approximately ‘equal to SC, whera C is the volume concon-
- tration qf paramagnetic fons, _If the sa@ple is not homogenaous, the

EPR line width dua to this interéction is a relatively good measure of

: j,the mean local concentratien,

For ‘a spin N/2 systém, fhe line‘width{contributiqn.is apﬁroximatéiy :
N oe for a 0,02 M concentration. ‘Exchéngglnqrrowiﬁg has nof been con=
,; sidered, so this‘modelfwill‘break déwﬁ.for'vary»higﬁ concantrétidnﬁ.
1,The af! ect of paramagnetlc species other than the one’ being observed is
' ;rcduced by a factor of 2/3,20 |

Figure 1 displays the effoct of addzng varying- concent?ations of
Sodium perchloiate to 0,005 M ganganous nitrate. frozen, Ha find that
as ling’wldtbs are reduced by & decvease iﬁ dipolar interactions.-péakfi

v .o . i Lty
L :
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‘intensitiaes 1ncreése. The dependence of gpactrum on conceﬁfration of
. additive was also investigated in détail for methanol, pérchlori?
acid, and nitric acid. The results were 3imilar to those displé;ad'_"'
. for sodium‘peichlorate, but with varying degrees of effectiveness in
producing line narrowin&,

The effect of a vgriefy of differen; additives on the spectrum
. of 0.005 ¥ manganese were investigated. Spectra for this concentra-
tlon in 25 and 75% Volﬁme'percent aque§u§ ﬁetﬁanol were eéuivd;ent. '
and uéra as distinet as any spectra obtaiﬁed, indfcating thaﬁ no
noticeable.dipolar bré#dening occurred in these frozen solutions.
. If the intensity of fhc dgrivativa EPR spectrum (absolute maximﬁm g
minus absdlgge ainimum slope of the absorptions of tha 25% méthanol ‘
is_asaigned.tﬁe value 100, various frozeh'aqueéus solutions yleld the '
: intensities ii#tgd in Table I. .
| Regardlegs of:fhe additive used; the sawme cﬁéracteristio spectrun
is domingnt. As the only species common to all the systems tried'arg
uptt andfﬁzo. hydratéd mangenous' ion is probably responsibleifor the
spectrume Mang&nese complexss involving non-water iigands presumably
 contribute at mést'a broad backgrpunq signal'becaﬁse éf the much greatef'V
crystal fiald splittings caused}byﬁa fi:st cpordination sphere which is
nof comPOSed‘of all identical ligands.

“Two different phepomena are rcqponsible for_theieffect of a giveﬁi
additive on signal heighti reduction of dipclar.broadening wil; nairoﬁ
‘1£nes, inareasing signal height; comﬁiex foréation,will decrzase the

- gnount of hydrated manganase presenf.‘ Dipolar broadening causes a

decrease in clarity of detail in a spectrums A convenient measure ‘of

¢ ¢
b i
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_thig c;arity'in the Hn*f épectrqm is the ratio of difference befween théA '
first minimum ana second maximumvto the difference between the first
' maximum and last minimup. Tha 25%‘met$anol spectrum has a clarity'indéx
of lwbet"Valués-for qthgf frozen‘solution; (in ﬁafcant)'ara glven in
Table I. | ) | |
As anti;i;ated.umathanol and glycarolﬁare‘quite effectﬁve in pfef
&enting solute seéregation.'and dioxane and potassium nitrate ave.very 1
ineffective: . Solutions of‘potasaiﬁm acetate ar; relativély viscous, ahdv‘»l
'",extrapdlatibn;bf,tha avéiiablq freezing point datald places the eutectic
'in the vicihity of =70° C, so the clarity produced by this'additivé_is~'
not unexpécted. Sulfuric acid has five eutectlc§ with water, 80 one 1s,
not'tqé surpri$ed.tha§fthe watar molecules are sudcessfully con fused, )
By‘compafing tge iuféﬁsitxﬁaqd clari;y figures for the different
vadditives, we estimate th&t\?S to.és% of the Ma*t in fbe“? M HC1l SOIution_ .
is é-cﬁloridé complex.f In all of the other solutions, at least 0% of
~:he manga?ese seéms,tokremgin as the hydrate producing ths characteristic
spectrun. Thiz is true even for 2 4 pyridine énd sulfate,‘which ara
'peported to cémpléi Mn4f modérately stronglyiin aqueoﬁs solqtion.21?22
: To cheék.the assumptioq'that dipolar broédening is régponsible‘fbr
" the phenomena obSerQGd. the effegf of addad Ni** on the Mﬁ*’ ;péctrum
‘was gompared‘with khe ;ffect‘of ;ncréaéed Hn*f conqeptratipn..lThe effect -
of added ﬁ;** on the clarity and specific intégsity_is about.the same as
. only 5% as mach addéd Mntt, Considering fhe'diffarence.in magnet ic
momenfs and the statistiéalvfactop of 2/3, Ni**;éﬁouid beiaﬁ%,as,effeéfivg :
" in broaéening Hn** as manganege itself, The rem#ininé—factqr of 7 may be

W

due to a tendency for the tW6,k$nds of iona“td,gévlgto éiffefen; phases

LI

LI
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'von_fréezing; an alternate possibility i{s that rapid relaxation of the
Nit* electrons may reduce the effective maggituda of the nickel magnetic

.- momen;. : | |

| Frozen aqueous gsolutions of gadolinium3* were-also found to have

an EéR éignal whigh §rogréssiveiy narrows and inereases in intensity on
the addition of-diamaépqtic solutes before freczing. Ogr hopes of using
6ast to obtain a ¢lear cut,dipolarﬁbroadening affect on ansingle'EPR
.lipe_were muddled by f;ibroad“backgrbund»absorption,ﬂ'ﬁ Litn; probably _':f
' due to the presénqe of more than one chemical species. The qnpairad‘i

electrons of an 8S rare earth ion are sufficiently insulated from the .

[y

'ligapdéfthat a cpmplex of the type_Gd(HéO)n_lCIQ*.has only a little
o gréater crygtai fieid.éplitting than Gd(ﬂ20)n3*. _TEQ EPR absorption of
frozen aqueous Gd3%, fllustrated in Figﬁte 2, méy‘also be complicatedf': r
‘by’the_presance of ioa§ with different numbers of iigand;iﬁoordinated.
Unlike gadolinipm,.tha_manganéus'ion has conSigtantly_been'found‘to-
'Sévé a céordination puébe:'of six, Single gnyatal EPR ;tudieé 6fathé
'Mn(HQQ)s**jion have been madé in éeverél diamégnetié'hosté.?3 Véluéé found

. for the axial splitting parameter, D, are in the range 0,014 to 0,027_cw’1.

- _ Comparison of the powdar spectrun of Hn(H20)6*+:in a Tutton salt, -

.

.(Nﬂu)ZZn(304)2~6H20; at room ;émperature (D = 40.024 em~1), with,that:
of Mn+*'ip‘a frozen sqlution‘ahowsrthat the.frozen‘solutevh&sva.maan
.'crrstal fisld assymétrx équal fo Qr glightl? smaller than that‘fgr
Mn(Hzo)a**iin the Tutton salt. _WeAconélud@ from this and the chemical
evidence which has been presented that the spectrum‘iﬁ the frozeﬁ‘aquaéus_~“

solutionvis due'tbAMﬂ(Hzo)G**.v
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DISCUSSION AXD CONCLUSIONS

WVhen glasses were designed for use in visible and ultra-violet
spactroscopy, the primary consideration was opticél clarity. Besides
being a necessity for ogfical investigations, this clarity is evidence
~of tﬁe abeéncé of large cr;stala. The absence of easily noticeable
| light scattering is not, however, a yuarantea of the absence of either
vsolute.agg?egation or crystallization, or solvent ordering in micro=-
‘erystals, An igstrumente& investigation of radiafi§n séatfering by the .
ﬁglassy“ frozen ;olutions commonly used would reveal information about’
.their homogeneity,fbut the relation between séattering_and the param@ter
of interest in a giveﬁ s;ectroscoﬁic exparimént would be rather iﬁdifﬁct:

Solvent érystallization-inducad aggrem§t£on is usﬁally not sgrious ,
in the commohly used organic glass systems,2%»25 Fluorescence spgctfa of’
aromaticﬁsystems in gla;sea genarally do not.éontéin’?éakébknown‘fo be
characteri stic of the dimer or of aggregates. 8

In a recent study on aromatic trlolet—triplet enargy transfer, Siegel
end Judekxa25 found that transfer was independent of solvent for most.
glasses.v The rate of transfar vas significantly higher cnly'when methyl~:
;'cyclohexane.'a.félatiVQiy poor solVQnt for’aromatics, wag uséd. Thé§:con4:
- cluded that solute dzstribution was BSoontially uniform excnpt in this
casa, This work, and the successful resolutxon of ligand hyperrlne
) oplittinps in the EPR spactra of Cu++ 2,43 and VO** g complexes in soma
‘organic matrivas indicates’ that a prcparly cho en organ?c gla331ng plxtﬁre '
can be quite uatzspactory. 4 : L L

However, the cholce of organic glass ﬁas been shown to affect the‘J

sharaness of both EPR? and fluorescence spectra. whxch should caution
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experimcntefs to check.hom&geneity e#cn in these systems. . Solute segre=-
gation due to a shifted dimerization equilidrium, or decrezse in solubility,
is, ofvcourse, quite posaible in the best of glasses., B
We have found that»moderately rapid cooiing of diluta &queous;soiu-

tions does not préQent ex;ansive segregatigﬁ of #oluta caused by ice
éfyst&l formation. ~Add1tion'of large duéntitiés of aexperimentally inert
:solate can greatly belp to prevent this, but it seens unlikely that ice
| erystalliz ation ean be completely halted even in th@ best e&perxﬂental
co§ditions. | | » ‘
g #angl® has pointed od} that the enhanced dimerization of thymine on
irradiation of a fro%cn aqueous solution is due to solvent crystalliza-
v.tiqn-iqd?ced segrégation of the moncmer,27 Despite this obazervation, :
" howavar, some recent‘reseetch in_radiation and photoehemistry doas not )
.seen to consider adequately the possibilityiof iﬁhomogenéity in frozen-
solut*on.g" _:‘ S - | |

| Vcry rapid freezing of anueous solutions has become yopul&r in LPR
- gtudies of enzyme kinetics.28,7 The fraezinw iz accomplished by souirting
‘a Q.z mm jot of solution at 30 meters pDexr second into isopéntane at‘flu5° C{
Palmer, Bba&. and Eeiﬁart7 have found fﬁat chemical reactions canlﬁe
:quenched in about 10 millisecqnéé. ;oughiy:100 times faster than p;ungingvl‘u
a ,ample ‘tube into liquid nitrogen."" 1 ' |

The pos sxbility for d:polgr interactions in frozAA enzyme systcma.;

is smaller than in the munganese situation for two rnagons bPaldea the
graater ccolxnv rate. lhe site< of naramagnetlsm are aomewhat burzed

uithin a protein, prnvvnt‘ng close approach of two spin Also, ne

re*a;ivcly slow diffusion rute of a nrotein maj prevmnt it from being
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segregated as effaectively., HNevartheless, dacreasing‘the‘cooling rate -
]:'by increasing the jat‘diametér has altered relative EPR peék heigﬁtsub§
up fo 30% for a doubled “quenching time".7 This has been tentativeiy
attributed t§ different reéction activati&n energies causing differenf
effective quenching tié@s“for the various reactions within a single
system,zibut the possibility thet some dip&lar interdctions are entering
shoulé be cbnsider&d. h  "» |
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