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Weak Temperature Dependence in the Magnetic Circular Dichroism of Matrix-Isolated
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Weak temperature dependence is reported for the Q-band magnetic circular dichroism of Cu phthalocyanine
in an Ar matrix between 15 and 1.5 K. Moment analysis reveals a zero-field splitting af 0.5 cntin

the singdoublet Q state. This is interpreted to be a consequence of interference betweerbdpioupling

and exchange interactions with the tripdoublet state.

I. Introduction thermometry errors. The only documented method of overcom-

) .ing this problem involves an “injection” technique, where the
In the 1960s, Buckingham and Stephens developed atheoretl-samme is prepared in a vacuum then rapidly transferred

cal formalism of the Faraday effekt? which vastly facilitated (injected) into a chamber that is immediately flooded with
the utilization of magnetooptical data, particularly magnetic cryogent® Examples of the successful application of the
circular dichroism (MCD), in the determination of molecular techniques are spard&22 principally because active cooling

electronic structure. Among the earliest applications of this ¢ he sample is suspended during injection. Unless the

formalism Stephens et &lprovided an interpretation of mag-  rocedure is exceedingly well coordinated, the temperature can
netooptical data (obtained earlier by ShasBpumncerning rise above~30 K, which destroys the sample.

porphyrin and phthalocyanine (Pc) systems. In this work, we report MCD and absorption spectra for the
The substantial literature that has since accumulated on theQ(z*<—zx) transition of CuPc isolated in an Ar matrix (CuPc/
MCD of porphyrins and Pcs has been the subject of several Ar). As well as conferring beneficial optical properties, matrix
reviews®~'! Most of these studies involve the determination jsolation precludes axial solvent coordination and circumvents
of electronic symmetries and angular momenta, and correlationsthe acute insolubility of CuPc. An improved injection system
of these properties against central metal ion or substituents.\as employed, where the sample is actively cooled throughout
However, when used in conjunction with the method of the injection procedure. The weak MCD temperature depen-
moments and/or analysis of the spectral dispersion, the techniquejence is confirmed and quantified by using moment analysis.

is capable of much morg, for example, the elucidation of A theoretical explanation for this temperature dependence is
vibronic and crystal-field effect$~16 For paramagnetic sys-  discussed.

tems, information can also be obtained by following the _ _
magnetic-field and temperature dependencies of the MCD. Thell. Experimental Section

former has been used in investigations of hemoprot€ibsit The matrix injection system is based around three components
there are surprisingly few examples where the temperature (Figure 1); an Oxford Instruments Spectromag SM4 cryomagnet,
dependence has been utilized. a CF1204 continuous-flow cryostat, and a 1.7-m siphon rod.

The most comprehensive spectroscopic temperature-depenThe SM4 sits on the optical bed of a substantially modified
dence study of porphyrin-related species was conducted byJasco ORD/UV-5 spectrometer, the base of which has been
Misener}” who surveyed a series of first-row transition-metal shortened so that the injection system can be accommodated
phthalocyanines (MPc, with M= Mn to Zn) isolated in Ar within the height of the laboratory. The CF1204 is interlocked
matrixes. He measured MCD and absorption spectra at nominalto the top of the SM4; the sample spaces of the two cryostats
temperatures of 4.2 and 3.0 K. All of the paramagnetic speciesare separated by a gate valve and can be independently
showed MCD temperature dependence. For MnPc/Ar, this evacuated. The siphon rod is top-loaded into the CF1204. A
dependence was very strong and was later ascribed to a large-cut sapphire matrix-deposition window mounted at the end

magnetic moment associated with*g, ground-state terr of the rod is actively cooled by drawing liquid helium through
However for CuPc/Ar and CoPc/Ar, the dependence was muchthe siphon by means of a diaphragm pump.
weaker, and its origins proved elusive. With the rod retracted and the gate valve closed, the sample

For temperature-dependence data to be amenable to quantitais prepared within the CF1204. For the present work, CuPc
tive analysis, the temperatures must be accurately known. Thiswas sublimed from a quartz Knudsen cell, which was resistively
is best achieved by immersing the sample in a cryogenic fluid, heated to~350°C. The sublimate was co-deposited with Ar
with which it is at thermal equilibrium. However, the prepara- gas -2 mmol/h) onto the deposition window-(4 K) to give
tion of matrix-isolated samples requires a near vacuum, hencea sample concentration ef2 mol L™ (CuPc:Ar~ 1:2000).
the vast majority of such studies (including Misener's) use After matrix preparation, the gate valve is opened and the rod
samples mounted in vacuum and cooled by conduction throughis “injected” slowly into the precooled~(10 K) sample chamber
the deposition substrate. The consequent thermal gradients (bottof the SM4. At the same time, a small space between two
within the sample and between the sample and the thermalsliding seals at the top of the CF1204 is evacuated to prevent
sensor) are essentially unmeasurable and can lead to substantiaiir leaks, which can destroy the matrix and block the needle

valve of the SM4.

* Corresponding author. E-mail: B.Williamson@chem.canterbury.ac.nz. ~ Once the deposition window is positiongd in the optipal path
® Abstract published irAdvance ACS Abstract&ebruary 15, 1997. of the spectrometer, the sample chamber is flooded with liquid
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Figure 1. Schematic diagram of the injection system used for UsBA,
measuring temperature-dependent magnetooptical spectra of matrix- -
isolated systems. The components and their operation are described in 7.0 m-O
section II. -

He, which is siphoned via a needle valve from the liquid helium O o

reservoir of the SM4. Temperatures between 4.2 and 1.5 K ’

can then be obtained by pumping the sample chamber while 6.0 . - .

controlling the He vapor pressure with an Oxford Instruments 0 0.2 0.4 06 08 1.0

MNT manostat. Higher temperatures are achieved by flowing cm/ kT

cold He gas past the sample. Temperatures are determined byrigure 3. Temperature dependence of the dimensionless moment ratio

measuring the vapor pressure over the liquid and/or measuringM 1/usBA, (obtained by integration over the full range of Figure 2) for

the resistance of a calibrated carbon resistor. %wo samples of CuPc/Ar. The data represented by squares were obtained
. rom the same sample as Figure 2. The dashed line represents the least-

Data are collected on a PC-AT computer, which also controls squares fit to all data.
the monochromator. The MCD and absorption spectra were

measured simultaneously using an instrumental resolution of andM) of CuPc/Ar are positive and temperature independent.
~4.4 nm at 650 nm and magnetic induction of 1 T. The optical M, is relatively small and arises predominantly from Qe
quality of the matrix was validated by measuring the natural transition2? integration over the full region of Figure 2 yields
CD of a solution ofA-cobalt(lll) tris(ethane-1,2-diamine) placed M /BA, = (1.0 + 0.4) x 10-3 T, which is reduced by more

between the sample and the detector. than an order of magnitude by the exclusionQ@{®,0). M1 is
positive and increases linearly (within experimental uncertainty)
IIl. Results with the reciprocal of the temperature. This is illustrated in

Absorption @) and MCD (AA) spectra of the Q-band of  Figure 3, where the dimensionless rakib/ugBAo is plotted
CuPc/Ar over the temperature range 442 K are shown in  against KT (in cm™) for two samples, over the temperature
Figure 2. Q(0,0) is the origin transition; its MCD has the range 1.5-15 K. Bis the induction due to the applied magnetic
appearance of a positiva term (sigmoidal dispersion with  field, ug is the Bohr magneton, aridis Boltzmann’s constant.
negative lobe at lower enerfy, which is indicative of positive ) )
orbital angular momentum in the excited sta@(1,0) contains IV. Discussion
overlapping contributions from many vibrational overtones,  AssumingD4, molecular symmetry, CuPc hagBq ground-
while Q(2,0) comprises con_tr_ibutions_, both from overtones and giate term arising from arf g, configuration. The @ orbital
a separate electronic transitisi%® which we denote'. is thesr HOMO of the ligand, while l, is principally of metal

The absorption spectrum is temperature independent, but thedxz—yz characte?* The three lowest-energy ligand-based excited
magnitude of the MCD increases distinctly with decreasing iorms arise (predominantly) from the samgm®) — aq()
temperature. To quantify the latter, we employ the spectroscopic excitation and are referred to, in order of ascending energy, as

moments defined by the quartet4E,), tripdoublet ¢E!) and singdoublefEy).25 “E,
— and ZEI are essentially single-configuration terdidn which
A= f(A/E)(E —E)'dE (1) the triplet state of the ligand is coupled with the unpairggl b
— electron. ZEf involves the spin singlet of the ligand and
M, = f(AA/E)(E —E)"dE (2) contains a significant admixture frony - a..2*

. The Q-band arises from fully allowed-y-polarized transi-
E is the photon energy (in cm) and E is the absorption  tions between the ground state and the two Kramers doublets
barycenter defined byA;/Ao = 0. The zeroth momentsAg that constituté’Ef. The temperature dependencewf can be
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I AA= Aicp o Arcp (5)
Esnu =32 ; _
{f; { (8o - 2upB ; A=0 ; The temperature dependence of the Q-band MCD can be
) I 32 LB . qualitatively rationalized in terms of eq 5 and Figure 4. The
Eu A | 1 : i I i four Zeeman transitions have the same dipole strengths, so their
/+_f‘ : 2usB 3 4 1 » ]/25 relative intensities are determined by the Boltzmann populations
E“'m : | (&oro + 2)BB : L] g of the ground-;tate Zeeman levels. Firstly consider the inset
- AT 12 F1 ; to Figure 4, which shows the case whegg, > 0 andA = 0.
L : | : The higher-energy transitions are Icp, so the MCD has the
! g | | : overall appearance of a positiégerm, withM, > 0. However,
lep=14 ; | ' § since the pairs of transitions with the same circular polarization
[]! 5 | : : occur at the same energy, their sum (and hehg is
| [T rep L]y : temperaturéndependent Next consider the case shown on the
| : I : left of Figure 4, where\ > 0. As the temperature is decreased,
I | I : the intensities of the transitions furthest from the band barycenter
2, Espg ' -3/2 g 1] _3/25 are enhanced, and; increases. |If the energy order of/k&
£ —3}2 2usB j usB L] 0 and B, were reversed/A < 0), M; would decreasewith
B=0 B0 § B=0 ; cooling. Hence we can conclude that the experimental data
"""""""""""""" ‘ (Figure 2 and 3) requird > 0.
Figure 4. Energy-level diagram for thEﬁ — 2B44 (Q) transition of These considerations are quantified by
CuPc/Ar. Parameters and state designations are defined in the text. The
Zeeman shifts are given for the case _where the applied mag_netic field M, A
lies along the molecular symmetry axis. Right (rcp) and left circularly = C(g bt _) (6)
polarized (Icp) transitions are respectively indicated by full and dashed ugBA, o KT
lines. The inset illustrates the situation whexe= 0 and the MCD
temperature dependence vanishes. wherec is an orientation factor. This expression is obtained

. . . assumingD, symmetry and uses the principle thdg andAg
induced only by effects that separate, but do not mix, the excited- are invariant to unitary transformations of the excited-state

staste doublets (vide infra). Thus, for example, even though the basisi? The latter point means that eq 6 holds even in the
?E, term is susceptible to splitting by low-symmetry crystal- - esence of first-order crystal-field and vibronic effects and is
field interactions, such effects have no bearing on the MCD precisely the reason that effects that miggand By can be
tempergture dependence. We therefore regard the chromophor%nored_ However, it does require the moments to be carried
as having exacDs, symmetry and refer to the state? by the  gyer the whole transition, including vibrational overtoA&ghe
Souble-gE)up irep and partner labelsaBdz, wheret = /5 or situation is therefore complicated by the presence of@he
/> andz = +t. (In a commonly used alternative notationl, E  ansition, which should be excluded from the analy&idn
= Eipand E' = Eg2) The ground state transforms agzg an attempt to account for this, moment analysis was applied
while the excited-state levels arg/& and By over ranges both including and excludiqy

The relevant energy-level diagrams, in both the abseBce ( porphyrin and MPc molecules have previously been found
= 0) and presence3(= 0) of an external magnetic field, are  , {axe preferential orientations in Ar matrixes with their
given in Figure 4. The zero-field splitting of the excited state symmetry axes perpendicular to the deposition surféidé.8
is denotedA: In this orientationB//zandc = 1 in eq 6. Assuming the same
condition for CuPc, the best-estimate values obtained from
moment analysis amgy, = 4.5+ 1.5 andA = 1.5+ 0.5 cntt.
The uncertainty igop, arises predominantly from the variations
of integration range, but its value is in accord with that for ZnPc/
Ar (oo = AJ/D; = 4.2)13 as expected for an excitation that
is essentially localized to the ligand. On the other hakds
quite insensitive to the range of integration, and its uncertainty

A = E(Eyppy) — E(Eyp) 3

When a magnetic field is applied the levels split according to
the Zeeman effect, as illustrated in Figure 4 for the case where
the field is applied along the molecular symmetry a84%).

Jorb IS @ Mmeasure of the excited-state orbital angular momentum:

= FOE. . +YILIE. . +Y.[= F2AE.. +3 arises almost exclusively from the scatter of the data (Figure
Goro 2o % T2l bABarzy £ Sf2u== 12 5 3). Although the precision is not, at first sight, particularly
L, Egpp, 7,11 (4) impressive, it is worthy of note that it is obtained in the presence

of a transition bandwidth that is greater by more than 2 orders
wherelL, is the component of the orbital angular momentum ¢ magnitude.
operator along. Figure 4 also shows the four allowed Zeeman For a2E term, one might expeck to arise predominantly
transitions and their polarizations for the experimental config- from first-order SO coupling, but such interactions are nonexist-
uration used in MCD, i.ewhere the radiation propagates along ent for a pure singdoublet. Explication of the splitting of
the magnetic-field direction. The selection rules (which reflect zELSl therefore requires consideration of coupling with other
the 4-fold symmetry of the system) require transitions vith  gjectronic states, the most important of which are likely to share
= 1 in modulo 4 ¢ — —%; and —%, — —/;) to be the same electronic configuration. We now show thatan
left-circularly polarized (lcp), while those withz = —1 in be semiquantitatively accounted for by ignoring configuration

modulo 4 {/, — */, and—%, — %5) are right-circularly polarized ~ jnteraction and considering coupling between thebsge,-
(rcp). The transition bandwidths are far greater than their configuration basis states defined in Table 1.

separations (fwhrm= 350 cnt?), so the absorption spectrum is The effective electronic Hamiltonian employed is
imperceptibly changed by the presence of the field. On the
other hand, the consequences of the Zeeman shifts are clearly H=Hy+ Hypt+ Hso (7)

apparent in the MCD, which is the differential absorption of
Icp and rcp light, defined by where the second and third terms represent interelectron
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TABLE 1: Basis Functions for the aybi4ey Configuration of
CuPc

Singdoublets
|CEg.H2) Earau 20 *%( aIe:lbe’ aiezbf@
(CE3,Y2) Earou—%20 *%( a e+1bID’ a e b IU
|CESY) By Y0 — %( a e:lbID ' b U
€31 B0 = |ateroi [ a;eilbﬂ
2
Tripdoublets
|(2EI’1/2) E3/2u3/2D —%( ale b D ale b+D aire:lbiru
L4 =0 Lol i [ et [T [afei ]
6
|(2ET Y2) Egyu oD i(z ae b aetpr[ T afe:lbﬂ
6
|CEL ) Eyay— 0 ﬁ(z et [} [aelyoi ] [arecsoi]

Quartets

oot g
ae by D+ a e’yby G+

|(*Eut2) Ezpu®0 i(
V3

ae' ()

|(“Eu) Earza —31a0] } ( arerb; L aretoi[ I a;e;lb;[]
|(*Ew,Y2) Exi2uH20 ﬁ( ejlbl_DF al_eflbID-F a_eilbfg
(e B0 L |ate i [ et [ [t []
|(*Ew®l2) Esrau¥20 —laje; by 0

|(*Ew,3l2) Ezrzu =320 lafe’,biO

|(*Eu¥2) Evju 20 —lafel,bi0

|(*Eu%2) Evjzu =420 —laje’,b; 0

2 Functions are denote(fS*1L,|Md))E; tCand conform to conventions
for Butler's D;—D,—C; basis®® L is the orbital term symbol (see text)
and |Mg| is used to differentiate between functions within the quartet
manifold. The right-hand kets are Slater determinants; parity labels
are omitted from & and by and replaced by the appropriate partner
label 1) for . The spin statesng = +%,) are indicated by
superscripts.

repulsion and SO coupling, respectively. The corresponding
Hamiltonian matrix factors into blocks according tpdnd,

the elements of which are given by Table B is the average
configurational energy, an&.s Kan and Ke, are exchange
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integrals; for example
ae ™ (alueg|ega1u) =
J [au (@) (2) Hefy(1) a(2) dry dr, (8)

Z is a measure of the SO coupling for anetectron:

Z= Z@+1|§e(k)lz(k)|e+l|:| ©)

wherel/K) is thez-component operator for the orbital angular
momentum of the electron about nuclelds &(k) is the
corresponding SO coupling coefficient, and the sum is carried
over all nuclei.

Within this model,A arises directly from the elements of
Table 2 that couple the singdoublet and tripdoublet states. In
the context of the current problem, the critical property of these
elements is that they involve interference between SO and
exchange terms, and this interference is different fgs,and
Eiow Prediction of the sign oA is simply a matter of deciding
the sense (constructive or destructive) of this interference for
each, as follows:

(i) Exchange integrals are intrinsically real and positive, and
hence the sign of the exchange term is determined by the relative
magnitudes oKy, andKep.  Electron density associated with
the by orbital is confined to the Cu ion and the directly
coordinated pyrrole N atoms. Thgerbital has density on the
same atoms, whereas thg, arbital does not* henceKqy, <
Kep and the off-diagonal exchange interaction is negative.

(i) McClure has shown that SO coupling in plana(p,)
molecules (such as free-base porphyrins) must be #edlar
metalloporphyrins and MPcs however, a relatively large one-
center contribution can arise from-d mixing. In the case of
the g MO, this involves the metalgdand g, orbitals, for which
the contribution taZ is

Zy= 16l *E4(D /1 (Cu) 40 (10)
Cq is the amplitude of the d-orbital contribution to the molecular
orbital, andy is the SO coupling constant for a €8d electron
(Ca ~ 830 cnT1).25 Since all factors on the right of eq 10 are
positive,Zq > 0.

Applying these results (with appropriatesalues) to Table
2, it obtains that interference is constructive fogE and
destructive for k. Consequently, &, lies at higher energy
andA > 0, in agreement with experiment.

Theoretical estimation of the magnitudesdis a much more
difficult proposition since appropriate parameters of demon-
strable reliability are not available for CuPc. Nevertheless, we
now show that the experimental value can reasonably be
considered in accord with theoretical expectations. Ake and
GoutermafP have estimated exchange parameters for a generic
Cu porphyrin on the basis of an extendedckel calculation,
viz. Kae = 2605 cnml, Kep = 95.5 cnT?l, andKqp = 396 cntl.,

TABLE 2: Matrix Elements for the E ; = Block of the Effective Hamiltonian for the a; b148; Configuration of CuPc?

CESM) Bt (CELYo) BT

(‘Eulf2) Ect (*Eu2) E 7

CESY) Ert Eq+ 3Kad2 V3(Kap — Ken)/2
—(t—1)2V/3
CEL ) B ValKar— Kel2 Bat Kot Koo Kad2
s — 20— 123
(“Eu ) BT V2@t - 123 —V2(-1)z13

(*Eull) Er T

aBasis functions are given in Table 1:= Y/, or 3/, andt = +t.

V2t - 1)ZIV3

—2(t— 1)2/3
Eq — (Kap+ Kep + Kad/2
—(t—1)Z/3

Eq — (Kab+ Kep+ Kad/2
—(t-1)z

Parameters are defined in the text.
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They also suggedty = 3.5 cnt! (based ornicg|2 = 4.3 x 1079), measured the MCD temperature dependence of copper phtha-
which givesA ~ 0.2 cnt?, an order of magnitude smaller than locyanine isolated in solid Ar. Moment analysis of the spectra
the experimental value. On the other hand, a semiempirical reveals a zero-field splitting for the singdoublet Q statAcf

SCF-MO calculation specific to CuPc yieldsg|? = 1.7 x 1.5+ 0.5 cntX. This splitting is interpreted as a consequence
102,24 which in turn givesZq ~ 15 cnt! andA ~ 0.9 cnt?, of interference between sphorbit coupling and exchange
within a factor of 2 of the observed value. interactions with the tripdoublet term. This work demonstrates

There are other effects (including configuration interaction) the utility of temperature-dependent MCD for providing infor-
that could potentially have a bearing ok and bring the mation about weak perturbations in the presence of very much
theoretical value into closer agreement with experiment. To greater transition bandwidths.
speculate on their importance is of dubious worth in the absence
of reliable theoretical parameters. However, we can show that
three-center SO coupling terms of the type described by
McClure?® are unIike_Iy to contribgte significantly, even though  pafarences and Notes
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