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Magnetic Circular Dichroism of the Hydroxyl Radical in an Argon Matrix
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Magnetic circular dichroism (MCD) and absorption spectra are reported over the temperature raiygk 1.7

and the magnetic field range-@ T for the hydroxyl free radical isolated in an Ar matrix (OH/Ar). The data
indicate a reduction of the orbital angular momentum of the lowest electronic level of the guest. This is
interpreted within the framework of a crystal field model involving the Ar atoms of the host lattice. The
conclusions are that the OH guest radicals are randomly oriented, occupy at least five distinct sites, and have
orbital reduction factors in the range= 1.00 to 0.54.

I. Introduction B ———

The free radical OH (hydroxyl) occurs in a broad range of E ------- - b T
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environments and is an important species in a large range of control APolarizer
chemical processes. It is observed in extraterrestrial systems, s {n— o P
including the interstellar mediufhgometary outflowg,and the %mpper
atmospheres of stafs.In terrestrial environments, it appears ! T
as an intermediate in combustion reactfoasd is involved in |
atmospheric chemistfy,being the dominant oxidant in the }
troposphere. It is an important contributor to the catalytic }
destruction of ozone (responsible for approximately 20% of the Lock-in Py =n |
natural ozone loss) and undergoes many other reactions, down |ampl;| }
to sea level. It has even been found to play a (generally ~ ==Y
destructive) role in biological processes. PMT
For many years gas-phasé€ — X2I1 emission of OH {0 (PMT signal
~ 308 nm) was observed in Giesler tubes containing water
vapor, but it was not until 1924 that Watson attributed the _ o )
spectrum to OH. In 1927, Mulliken published a detailed Figure 1. Schematic diagram of the spectrometer used for simultaneous

th tical int tati fth t f b f diatomi measurement of magnetic circular dichroism and double-beam absorp-
eoretical Interpretation of the spectra or a numpber of AiatomIC o, spectra. For high-field and low-temperature measurements, the

molecules, including OH. The experimental YVOVK was later  electromagnet shown here is replaced by a superconducting magneto-
extended by Johnston and co-work€r&? using improved cryostat. See section Il for further description.

experimental apparatus and longer photographic exposure times.

Since then, there has been a large number of investigations ofmagnitude of the MCD increased between the (nominal)

gas-phase OH and (to a lesser extent) ©D. temperatures of-8 and 3 K. Earlier ESR spectra of OH in
OH was first isolated in an Ar matrix (OH/Ar) by Robinson  y-irradiated ice had shown the ground-state orbital angular

and McCarty* by creating a discharge through Ar and moist momentum to be totally quenchét 24 but the observation of

hydrazine and depositing the resultant mixture onto a liqguid He MCD temperature dependence requires that quenching is
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cooled sample window. The (0,0) absorption band of tRE"A incomplete in the case of OH/Ar. Unfortunately, MCD calibra-
< X2IT transition was found to by red-shifted by300 cn1? tion and thermometry problems prevented her from obtaining
relative to the gas phase. Subsequently, they measured eleca reliable measure of the degree of orbital reduction.

tronic absorption spectra of GM and OD® in Ar and Kr In this paper, MCD and absorption spectra are reported for

matrixes, reporting fine structure that was very similar for both  OH/Ar at accurately determined temperatures between 7 and
hosts and which changed only slightly between OH and OD. 1.7 K and at magnetic fields up to 4 T. The aims of this work
The relative invariance to isotopic substitution suggests that theare (i) to provide a guantitative measure of the ground-state
structure is not a consequence of rotational dynamics. Wei orbital angular momentum and hence the orbital reduction factor
corroborated McCarty and Robinson’s results and also found and (ii) to determine the origins of the structure observed in
that the spectra OH and OD in Xe show similar structdre. the absorption spectra.

However, spectra of OH/Ne and OD/Ne showed significantly

different, isotope-dependent structure, which was interpreted inl. Experimental Section

terms of perturbed rotational dynamics and translatiatation

coupling1819 MCD and double-beam absorption spectra were measured

simultaneously using the spectrometer illustrated in Figure 1.

In 1986, Rose reported magnetic circular dichroism (MCD) | .
and absorption spectra of OH/AY. The spectral resolution was !"ght from a 300-W Xe arc lamp (ILC Technology LX300UV)
is dispersed by a 1-m Czerny-Turner monochromator (Jarrell-

inadequate for structure to be observed, but she found that theAsh 78-463 with a 300-nm blaze grating), collimated, and then
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TABLE 1: Parameters for the AZX*™ — X201 Bands of OH/Ar

band E/cm™1b Ao(i)/AC K Vicmt ar o
1 32025 0.08 1.00 0 4.0 0.0
2 32 095 (32 090) 0.29 0.91 56 3.8 0.8
3 32165 (32 155) 0.35 0.77 103 3.5 1.3
4 32 230 (32 225) 0.19 0.54 194 3.1 1.7
5 32285 0.09 0.55 189 3.1 1.7
overalf 32170 32 155) 1.00 0.7% 0.02 97+ 10 3.58+ 0.04 1.23+ 0.05

aNumbering for cross reference with Figures 2 anfl Band barycenters10 cnt®. Values in parentheses are from ref $Zeroth absorption
moments, expressed as a fraction of the téglobtained by least-squares fitting of the OH/Ar absorption spectrum in Figure 2 using Gaussian
bands ¢ Obtained from a least-squares fit of eq 30 to the data in Figure 4, assuming random molecular orientafipr drth + 10 cnt™.

light alternately through a sample in the axial bore of a magnet AMnm
(either Alpha Magnetics 4800 0.7-T electromagnet or Oxford 314 312 310 308 306

Instruments SM4 6-T superconducting cryomagnet) and through 0.03
the reference path to a Hamamatsu R-292 photomultiplier tube
(PMT). The chopper also provides a short “dark” period and
produces a timing signal that is used to synchronize data
acquisition.

Spectrometer control, data acquisition, and digital signal
processing are achieved by using an IBM-compatible 486-SX
computer equipped with an Advantech PCL-814B interface card. 0.041
Electronic sampling gates, corresponding to the “sample”, A
“reference” and “dark” periods, are generated from the chopper 0.02
timing signal. The dc levels measured during these periods are
used to calculate the double-beam absorption, signal averaging 0.00 == ' | ) .
being achieved by multiple analogue-to-digital conversions 31800 32000 32200 32400 32600
during each period. The 50-kHz ac signal component is E/em’!
measured continuously by a programmable lock-in amplifier igure 2. Top: MCD (AA) of OH/Ar between 1.73 and 6.9 K
(Stanford Research Systems SR510) referen(_:ed to the_ PE c?ttom: abso?ption spectrd) of OH/Ar and OD/Ar. The absorption
frequency. The analogue output of the SR510 is electronically pangs of OH/Ar are labeled for cross reference with Table 1 and Figure
integrated by external electronics over the “sample” period, then 7,
read by computer, and used to calculate the MCD.

Preliminary experiments were performed by using a closed- solution of A-tris(1,2-ethanediamine)cobalt(lll) placed between
cycle He refrigerator (APD Cryogenics) placed between the the sample and PMT and found to be negligible.
poles of the electromagnet. These allowed the determination
of optimum deposition and annealing conditions, concentrations, !l Results

and spectrometric parameters for later runs using the SM4  Figyre 2 shows the (temperature-independent) absorption
cryomagnet. Purified bO or D,O vapor was mixed ina1:100  spectra of OH/Ar and OD/Ar and the temperature dependence
mole ratio with Ar in a 1-L gas reservoir to give a total pressure of the MCD of OH/Ar (at a field of 1 T) between 1.73 and 6.9
of ~1 atm. The mixture was allowed to flow through a 4-mm  Each spectrum exhibits a pair of maxima and a number of
(i.d.) glass tube at a rate of6 mmol I, while being subjected  shoulders spaced at roughly regular intervals. The barycenters
to Ar-resonance radiation produced by a Tesla-coil discharge. for the OH/Ar bands (labeled-35 in Figure 2) are given in
The products were deposited onto a cryogenically cooled c-cutTaple 1. The three strongest bands-43 were observed by
sapphire sample window held&fl5 K. Deposition times were  \jcCarty and Robinsdfiat the positions indicated in parentheses
~15 min. Annealing resulted in slightly sharper bands; in Taple 1.
however, it did not significantly change the structure and had  The spectrum of OD/Ar was obtained al2 K using the
the detrimental effects of reducing the OH (or OD) concentration refrigerator/electromagnet system. It has a general appearance
and clouding the matrixes. For the data reported below, the similar to that of OH/Ar but is blue-shifted by1 nm and shows
matrixes were not annealed. a different distribution of intensity between the individual bands.
The final experiments for OH/Ar employed the SM4 cryo- The MCD is single signed (positive) and shows the reciprocal
magnet in a matrix-injection mode that is described elsew}fere. temperature dependence that is characteristi€ térms and
Temperatures above 4.2 K were obtained by operating the SM4indicative of ground-state degener&€yThe field dependence
sample chamber as continuous-flow cryostat, using cold He of the MCD, between 0 and 4 T, at= 1.73 K, is illustrated
vapor as the exchange gas and monitoring the temperature within Figure 3. To quantify these dependencies, we define
a carbon resistance thermometer. Temperatures below 4.2 Kdimensionless zeroth moment parameters, which measure the
where achieved by filling the sample chamber with liquid He area under the band:
and then reducing the vapor pressure over the liquid by using
a rotary vane pump and Oxford Instruments MNT manostat.

10.02

AA
10.01

0.00

A(E)

The vapor pressure (measured by a MKS Baratron 1000-Torr A= f E dE 1)
capacitance manometer) was used to determine the temperature
of the cryogenic fluid in which the sample was immersed. AA(E)

Spectra were obtained using a spectral resolution@fL6 Mo = E dE @

nm. Depolarization of circularly polarized light by the matrix
was checked by measuring the natural circular dichroism of a whereE is the energy of the incident radiatioA,and AA are,
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Figure 3. Magnetic-field dependence, between 0 and 4 T, of the MCD coupling field effect

of OH/Ar at 1.73 K.

Figure 5. Energy-level diagram showing the effects of sporbit,

crystal-field, and Zeeman interactions on th&IXand A=* states of
1.0 ' _______ 0" OH/Ar. Parameters and state designations are defined in section IV.
o The relative intensities of left- (Icp) and right-circularly polarized (rcp)
""""" transitions originating from thgIl_Cstate and terminating in the?’&*
M, 08 ' manifold are qualitatively indicated by the thickness of the lines.
Ao g6l S interactions, the effects of which are reflected in the absorption
J./' and MCD spectra.
04k S 1. Crystal Field Effect. The X2IT term is susceptible to
) first-order crystal field (CF) effects that transform as part of
, the symmetric square of the orbital irrepij] = =+ ® A. The
02F '/ totally symmetric £t) component shifts the levels but does not
! contribute to their splitting. On the other hand, theomponent
0.04—! L L : L L L (which corresponds to an orthorhombic field) lowers the orbital
0.0 0.2 0‘4},LBB/2kTO.6 0.8 degeneracy and mixes the SO states. If we designate the

strength of the latter component by then the combined SO-

Figure 4. Magnetization saturation data for the moment raig’ Ao
as a function ofugB/2kT for OH/Ar. The broken curve is the best fit
to the data assuming random orientation of the guest radical.ard
125+ 10 cntt and was obtained with an orbital reduction factorof
= 0.79+ 0.02.

CF splitting of the XIT manifold (Figure 5) is
A=+ V)" 4)

where the value of, will be slightly reduced from the gas-
respectively, the absorbance and the MCD, and the integralsphase value¥:22 The SO-CF eigenstates are
are carried over the full envelope of the transition. The ratios
Mo/Ap for the spectra in Figures 2 and 3 are plotted against
usB/2KT in Figure 4 {15 and k are, respectively, the Bohr
magneton and Boltzmann’s constant); these show the magnetic
saturation behavior that is again typical ©®fterms26

°T1,. £1/200= 4+ |*I1,, £3/20H o |T1,, F1/20 (5a)
IPTI_ +£1/20= o |*T1,,, £3/20F B |11, F1/20 (5b)

where?I1; and?I1- respectively designate the upper and lower

. . . SO-CF levels, and:1/2 on the left denote the values ofsM
The transition responsible for the spectra of Figures 2 and 3 e mixing coefficients are

is AZZt < X2[1, arising from the excitation@ 174 — 302178,

IV. Discussion

In the gas phase, I is split by spir-orbit (SO) interactions _ 2 RV T/

(Figure 5) into levels quantized by the projection of the total a=VI(V'+(A=C)) 6)
electronic angular momentum along the internuclegrakis _ 5 n1/2

(Q =1/, 3/,). The SO states are designatéide Mg(Mg = B=A -V +(A=2C)) (7)

+ Q) and have SO energies
These coefficients obey the relations

ECTg) = —5,A(Q — A) €)
“ T o2+ p=1 ®)
A is the projection of the orbital angular momentum alang ) )
(A = 1 for aIl state) andi, is an empirical SO coupling o —p=CJIA=« 9)
constant for a & electron. &, = 139 cnt!in the gas phas¥®,
and the inverted nature of the terf&({Ilz,) < E(A1yp)) is 2080 =VIA=17y (10)

accounted for by the leading negative sign in eq 3.

When OH is incorporated into condensed media and exposed One of the consequences of the CF is a redistribution of
to a magnetic field, the electronic states are modified by crystal electronic angular momentum. The relevant matrix elements
field (due to the presence of neighboring species) and Zeemanare listed in Table 2, where tigevalues are
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Figure 6. Dependence af values for the XII term of OH/Ar on the
orbital reduction factorg.

TABLE 2: Angular Momentum Matrix Elements for the
X2II SO-CF States of OH/AR

L+2S P —1/20 PI-120 PG -120 PG 1720
B0 -1/2]  -g /2 0 9.2 0
31 1/2) 0 9 /2 0 02
@I, —1/2| go/2 0 g9"12 0
311, 1/2) 0 92 0 a2
Le+2S Il —1/20 21 1/20  J2IL —1/20 211, 1/20
2. —1/2) 0 gu/2 0 «
3 1/2) 9.2 0 P 0
AL, —1/2| 0 K 0 0o/2
31, 1/2) —« 0 9.2 0

a Parameters are defined by egs 9, 11, and 12.
g, = 2000, +1/2)L, + 2SI, +1/20= 2 (1 F kA) (11)

On = 2011, +1/2|L, + 2511, —1/20=2  (12)
and the components of the angular momentum operatargd

S refer to the molecularx( y, 2) reference frame. (We note
that gy = gy in the presence of a CF af symmetry, but the
difference, which arises from higher order interactions, is small
and unimportant to the following analysis.) Thepealues are
not mutually independent sine@ + 72 = 1 (eqs 8-10); their
dependencies om are illustrated in Figure 6.

From eq 11 and Figure &, can be seen to act as an orbital
reduction factor for the lower[I-) SO-CF level. Withx =1
(no CF),gn = 0, g~ = 4 and the orbital angular momentum
makes its full contribution to the magnetic moment. Witk
0, the orbital angular momentum is totally quenched, andjthe
values take their spin-only values.

2. Zeeman Effect. MCD measures the difference between
the absorption of left-circularly polarized (Icp) and right-
circularly polarized (rcp) radiation propagating along the
direction of an externally applied magnetic field (longitudinal
Zeeman configuration). Its zeroth moment comprises contribu-
tions of two types, referred to @ andC terms26

M= B, + C, (13)

C terms, which arise from the first-order Zeeman splittings and
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this to be the case for the?&" < X2IT transition of OH/Ar. In
the following, expressions faZ, are determined explicitly from
the first-order Zeeman effect, and then thoseHgare derived
by using perturbation theory. Since the SO-CF splitting of the
X2I1 term is increased by (eq 4), we can be certain thAt>
100 cn1?, and atT < 7 K the population of the upper SO-CF
level can be ignored. Hence only those transitions originating
from the2I1- level are considered.

The nature of the Zeeman effect depends on the aifigle,
that the internuclear axis makes with the magnetic figjdakis.
The appropriate eigenfunctions and their Zeeman energies are

Il +0= a’I1_ +£1/20H b2IT. F1/20  (14)
Eg(+) = 40, ug B/2 (15)
where
95" = (9, cosB)’ + (gg sin))™ (16)
la® = (g, sin6)¥(2g, (g, — gy cosd))  (17)
la®+ |b*=1 (18)
al® — |b|* =g, cosélg, (19)

We now define zeroth moments; andA_, respectively, for

the Icp and rcp transitions originating from these eigenstates,
utilizing the principle of spectroscopic stabiffyin the choice

of excited-state basis functions:

A=y (P, |BZ" M| M, |PTT_ +0F +

Mo=21/2

P_| B2 Mgl Myy’TT_ —[F) (20)

y contains all constant factors, including the concentration and
path length of the sample, aMd.;= F(2)~"Y3Mx & iMy) are
circularly polarized components of the electric dipole operator
in a laboratory-fixedreference frame wherg designates the
direction of the magnetic fieldP~. are the fractional Boltzmann
populations of state@Il_ +[

@ Es@)KT
Py = @ EsCHKT | —Ea(-)KT

(21)

A and AA are, respectively, the average and differential
absorbance of circularly polarized radiation. Hence the corre-
sponding zeroth moments are

Ay= (A, +A )R (22)

Co=A, —A_ (23)

The first step to obtaining more useful expressionsAgiand

Co is to relate the matrix elements &f., to those of the
molecule-fixed electric dipole operators;; = F(2)"Y3(my +
imy), which are given in Table 3. The resultant terms are then
orientationally averaged over Euler angkesand ¢, utilizing

the consequent differences between Boltzmann populations ofthe fact that=" — [T is x, ypolarized. The results appropriate

the Zeeman states, are temperature dependgmerms result
from higher order magnetic-field-induced mixing of states and

(in the absence of low-lying excited states) are temperature |

independent.
Co is nearly always the dominant contributor M, for
paramagnetic systems, and the data in Figure @early show

to eqs 22 and 23 are
S MgIM, [T £+ |AZ" M|M_|PTT_ +0F =
(1 + cog 0)/2)(IH=" Mg|m, |1 0P+
B Mol m_y | TT_ £0F) (24)
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TABLE 3: Transition Moments for the A 22+ — X1
SO-CF Transitions of OH/Ar2

My 21 -0 P40 2L -1/20 0 2L 120
&zt —1/2| aoM boM —AM 0
@zt 1/2) -bAM  afM 0 —oM
m 1. -0  [A4+0 P2, —1/20 2L 120
Bz -1/20  aBM bAM oM 0
@St 1/2) -baM aoM 0 M

aM is defined by eq 28.
|E=" MM [T +0F — | MgIM_, [TI_ £0F =
cosO(|A=" Mgim, AT +0F — |3 Mg| m_,|2IT_ +00P)
(25)
With Table 3, egs 8, 9, and &5 yield

_y(1+cog )M ?
N 4

Ag (26)
0 _

99/485)
o anr( KT (27)
o

whereM is defined in the SO basis;

ngyxgu’ cos 6 M |?

M = A3 F1/2)my,|°T1,p, F3/20=
F A=t +£1/2)m,,|I1,,, F1/200(28)

Some immediate qualitative conclusions can be drawn from
eq 27. First, the existence ofGiterm contribution to the MCD
requiresk = 0; that is, the quenching of the orbital angular
momentum of OH is incomplete in an Ar host. Second, since
all of the parameters are either squared or intrinsically positive,
the C term contribution to the MCD is positive, as observed
experimentally. This result is represented diagrammatically in
Figure 5, where the relative intensities of the transitions origi-
nating from thel2[1-—Cstate are indicated by the thickness of
the lines; the total Icp intensity is the greater, so the MCD is
positive at low temperatures. Third, the existence of the tanh
factor (essentially the population differeniee — P) accounts
for the saturation behavior exhibited in Figures 3 and 4.

Equations 26 and 27 allow the rati@y/Ao to be determined
for any anglef. A particularly simple result obtains for the
case wher@ = 0, whence

g, u B)
0/p0 — I8
COIAO—ZKtanr( KT

However, it is far more likely that the OH molecules are
randomly oriented, in which cas&, and Cy are obtained by
averaging ove#, with the result

geﬂBB)
an?‘( KT dcosf (30)

(29)

“cof o
CyA, = 3¢ j;lg” - t
0

The integral in eq 30 cannot be solved analytically, but it does
have an approximate solution in the so-called linear I#hit,
whereugB < 2KT:

(4sB < 2KT)
(31)

Thus the data in Figure 4 show approximately linear behavior
in the rangeusB/2kT < 0.1. An interesting point to arise from

Co/Ao ~ kg ugBl2KT = k(xc + 1)ugB/KT
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comparison of eqs 30 and 31 is that(through its contribution
to go~; eq 16) is important only outside the linear lirfit.

We now consideB-term contributions to the MCD. The
most important of these involves magnetic coupling between
°[1_ and2[1;. Invoking spectroscopic stability for th&l;
states, the appropriate first-order corrections to%ie wave
functions are

[T +0=
—ugB
A

Z I°T1,. MR, ML, + 2S,°T1_ +0(32)
Mg=E1/2

wherelLz and S are the projections of the angular momentum
operators along the magnetic-field direction. Transforming to
the molecular reference frame and keeping only those terms
that are of first order in the perturbation yields

BS = (9, C0S6) ugBIM |74 (33)
Equation 33 shows that tH&term contribution tdM o does not
saturate but (whilgigB << A) increases linearly with the field.
When combined with eq 26, the results for the= 0 and
randomly oriented cases are, respectively

BY/AG = 0 gB/A (34)

By/A, = 9 1gB/2A (35)
3. Data Analysis. The expressions above are functions of
only three independent parameters, one of which is the angle
6. The second is the SO coupling constant, for which we choose
&r=1254 10 cn1l, slightly less than the gas-phase vaitié?

The third is chosen to be, the orbital reduction factor.

Initially we assume random orientation and varjo obtain
the best fit to the data of Figure 4 using eqgs 13, 30, and 35. We
employ standard steepest-descent methods, evaluating the
required integrals by Simpson’s rule. By choosings the
unconstrained parameter, the effects of the uncertainty;in
can be largely restricted o, which is significantly the smaller
contribution toMo. Hence the value of is quite insensitive
to changes of; within the estimated range of uncertainty. The
best-fit value isx = 0.79 £ 0.02; theV andg values derived
from this result are summarized at the bottom of Table 1.

The best fit, illustrated by the dashed curve in Figure 4,
provides an accurate representation of the experimental mag-
netization behavior. However, it assumes a single effective site
for the guest molecules, whereas the structure of the spectra
provides evidence that the individual bands represent different
sites. First, such an interpretation is consistent with the relative
invariance of the structure to isotope and host laftfcé’
Second, in the preliminary investigations the relative intensities
of the bands showed slight variations with annealing and from
one deposition to another. And third, these intensities exhibit
different magnetic field and temperature dependencies (Figures
2 and 3), which suggests differentvalues.

The last of these points is emphasized in Figure 7, the data
for which were obtained by simultaneously fitting the MCD
and absorption spectra of Figure 2 with Gaussian bands. These
data pertain to temperature dependence within the linear limit;
hence eqs 31 and 35 are applicable esubh « values can be
estimated from the slopes; these are summarized, along with
other parameters derived from them, in Table 1. We emphasize
that these values must be treated with caution because of the
inherent uncertainties in the fitting procedure in the case of
strongly overlapping bands. However, it seems cleartlaies
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