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Magneto-Optical Investigations of Imidogen in Inert-Gas Matrices
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Magnetic circular dichroism (MCD) and absorption spectra are reported for il A- X 3=~ transition of
imidogen (NH) isolated in Kr, Xe, and Nmatrices at cryogenic temperaturesl(4—20 K) and over a range

of magnetic field strengths {6 T). The results are analyzed by the method of moments, and parameters are
extracted by fitting the experimental data to a model in which th#@TAterm is split by spir-orbit (SO)

coupling interactions and the ¥~ term is split by spir-spin and higher-order SO coupling. The analysis
indicates that the ground-state NH radicals behave essentially as free rotors in the noble-gas matrices but as
hindered rotors in solid N Trends in excited-state SO coupling constants are attributed to the external heavy-

atom effect.
I. Introduction by the strong quenching of the zero-field splitting, whereas the
. . . . . second was accompanied by excited-state SO and CF splitting
This paper is a sequt_al to one published in 1998 concerning parameters oA = —33.5 cntt and Vo ~ 38 cnt, respec-
the magnetic circular dichroism (MCD) and absorption spec- tively

troscopy of the imidogen (NH) radical isolated in solid Ar (NH/
Ar).1 The work reported here extends measurements to NH/Kr
NH/Xe, and NH/N with the aim of determining and rational-
izing trends that pertain to guestost interactions and the
dynamics of the guest radical.

A detailed review of previous spectroscopic investigations
of NH was provided in the earlier papeHere we summarize
only the literature pertaining to the matrix-isolated species.

Spectra of NH isolated in noble-gas (N&Ar, Kr, and Xe)
matrices were first reported in 1958 by Robinson and Mc-
Carty34The same workers later concluded that NH undergoes MCD (AA) and double-beam absorptioA)(spectra were
essentially free rotation in solid &rin 1975, Bondybey and ~ measured simultaneously by using a spectrorétequipped
Brus reported laser-induced fluorescence and vibrational relax-with a Xe-arc lamp, a 1180-groove/mm grating blazed at 300
ation for NH and ND in Ar and KF,also concluding that the ~ nm, and a Hamamatsu R-376 PMT. A Corning 7-54 filter was
guest radicals undergo essentially free rotation in the ground used to remove stray visible light prior to the sample, and the
state but that rotations are strongly hindered in the excited state Spectral resolution was 0.2 nm-20 cni?).

In 1982, Lund et al. were the first to report MCD data for ~ Samples were prepared from anhydrous sNMlatheson)
NH/Ar and NH/Xe Five years later, Rose reported the MCD Mmixed with Kr, Xe (Linde), or N (BOC) to a pressure of1
of NH/Ar and NH/Xe over a range of temperatures and magnetic atm at mole ratios of-1:100. NH radicals were produced by
field strengths, which she attempted to interpret within the subjecting the mixture to a Tesla-coil discharge as it flowed at
framework of a free-rotor modél. ~2—3 mmol ! through a 12-mm (i.d.) Pyrex or quartz tube.

Our earlier work concerned a detailed examination of the The products were deposited for 30 to 60 min onte-eut
MCD and absorption spectra of NH/Ar and ND/Ar over the Sapphire sample window held at a temperature below 20 K.
temperature range of 1686 K and for magnetic fields up to Preliminary experiments to determine optimum sample
4.5 T19We were able to interpret the results in terms of a-spin ~ Preparation conditions were performed using an APD Cryogen-
orbit crystal-field (SG-CF) model, developed previously for ics Inc. closed-cycle He refrigerator placed between the poles
the interpretation of OH/Ar°and CH/AP11data. The conclu-  Of an Alpha Magnetics Inc. 4800 electromagh&tSubsequent
sions from this previous work are in agreement with those of €xperiments were conducted using a matrix-injection system
Bondybey and Brufs-that ground-state NH in solid Ar under- ~ consisting of an Oxford Instruments SM4 magneto-cryostat, a
goes free rotation, whereas the excited-state radicals deparfnatrix-deposition chamber, and a siphon rod, the tip of which
strongly from free rotation. The former result was evidenced contains a sapphire windoi#'“Temperatures above 4.2 K were
monitored by using a calibrated carbon resistance thermometer,

* Corresponding author. E-mail: bryce.williamson@canterbury.ac.nz. and lower temperatures, down tel.4 K, were obtained by
Fax: ++ 64 3 364 2110. Tel++ 64 3 364 2439. pumping the vapor above the liquid and were determined by

T Present addresses: Instittit fahysikalische Chemie, Georg-August- ; ; i
_res ! : measuring the pressure with a capacitance manortfeter.
Universitd Gottingen, Tammannstrasse 6, 37077ti@&gen, Germany, and 9 P P

Max-Planck-Institut fu Biophysikalische Chemie, Am Fassberg 11, 37077~ G00d yields of NH were obtained for all three host gases
Gottingen, Germany. using the He-refrigerator/electromagnet setup. However, for
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Having obtained independent information to support the
" hypothesis that ground-state NH is effectively a free rotor in
Ar, we now report similar investigations of NH/Kr and NH/
Xe. To test the sensitivity of our approach, data were also
obtained for NH/N because of prior evidence that guest rotation
is strongly hindered in matrices (such ag With unsymmetrical
trapping siteg?

II. Experimental Section
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reasons that could not be ascertained, the quality of the NH/Kr
and, particularly, the NH/Xe spectra was severely worse when
using the matrix-injection equipment. For NH/Xe, we resorted
to data obtained in 1985 at the University of Virgihiasing

the same preparation methods but with earlier versions of the
spectrometéf1” and matrix-injection systed#:1°

NH/Ng: A°TT « X35

Ill. Results : -
06 B=1.00T

MCD and its origins are described in detail by Piepho and
SchatZ° It is quantified byAA, the difference between the 0.4
absorbance of left and right circularly polarized light by a sample A 02
in the presence of a longitudinal magnetic field, &his the

corresponding averagé: 0
29000 29500 30000 30500
AA=Ag = Agp 1) E(cm™)
Ay, + A, Figure 3. Absorption (bottom) and temperature-dependent MCD
A=—<P___ TP ) spectra (1.00 T) of the (0, 0) band of the’H; — X 3= transition of
2 NH/Na.

An appropriate comparison &A andA permits the deter-  the three samples are shown in Figures31The MCD spectra
mination of ground- and excited-state electronic angular mo- show a double-signed dispersion with the negative lobe at lower
menta, even when transition bandwidths are very much greateranergy, as observed previously for NH/NG2 This type of
than the Zeeman shifts. MCD is therefore a valuable technique gppearance is normally attributed to positiveterms. However,
for dealing with molecules and has proved very useful for {he opserved temperature dependence, as well as the fact that
probing, for example, vibronic and environmental effects {he MCD exhibits saturation at high magnetic field strengths
through their interactions with those angular momenta. (as shown for NH/Kr in Figure 4), indicates that the spectra are

The features observed in MCD spectra are categorized aSactually dominated by pairs of terms of opposite sigh.
Faraday. ¢, 5, and ¢’terms2® _{ terms are derivative-shaped, . .

As the atomic number of the noble-gas host atoms is

temperature-independent, and arise from first-order Zeeman. d. the bands sh . ina bathochromic shift.
splittings of the ground state and/or the excited statéerms Increased, the bands show an Increasing bathochromic sift, in

are single-signed (positive or negative), temperature-indepen-?ccordance with previous observations for molecules trapped

dent, and arise from the higher-order magnetic field-induced " noble-gas matrice¥. They also become more diffuse and
mixing of states. They are generally weak except when the less structured. For NHA\the (0, 0) band is very much broader
energy difference between the interacting states is small. Single-than for any of the noble-gas systems, suggesting the presence
signed (positive or negative) and temperature-dependerins of much stronger gueshost interactions.
arise from population differences between the Zeeman-split The intensities of the spectra were quantified by using
levels of the ground electronic state. For systems (such as NH)moment analysi§} thenth absorbance and MCD moments are,
with paramagnetic ground states,terms usually dominate.  respectively,
Unlike ¢ and ¢4 terms, whose magnitudes scale linearly with
the applied magnetic field/” terms exhibit magnetization A(E)
saturation behavior as the temperature is lowered and/or the A= band E
magnetic field strength is increased.

The absorption and the temperature dependence of the MCD M. = f AA(E) (E - )" dE @)
spectra for the (0, 0) bands of the3N; < X 3~ transitions of n band E

(E—E)"dE ©))
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Figure 5. Temperature dependence of the moment ritidA, as a 0+ , . . . .
function of 1KT for the (0, 0) band of the AIT; < X 3=~ transition of 0 0.2 0.4 0.6 08 1
NH/Kr. The curves are best fits to all data using eq 7, with— —21 cm kT
—1 LA 1
cm*andD’ =0 et Figure 7. Temperature dependence of the moment ritigA, as a

function of 1KkT for the (0, 0) band of the AIT; — X = transition of
NH/N,. The curves are best fits to all data using eq 7, With= —43.2
cmtandD' = 0.61 cnt?.

TABLE 1: Barycenters and Bandwidths for the (0, 0) Bands
of the A 3T — X 3X~ Systems of Matrix-Isolated NH

matrix E/cm! 2,/AIAJem? ) . . . )

NH/AT 29670 130 3o is an adr_mxture mglnly of N 2pwith H 1s. In the excited
NH/Kr 29550 130 term, the spin and orbital angular momenta are strongly coupled
NH/Xe 29 430 140 to the internuclear axis, and the electronic states are described
NH/N, 29710 500 in a Hund’s case (a) basigllg A S0 = 0, +£1 andA =

+1 denote, respectively, the projections of the electronic spin

nd orbital angular momenta along the internuclear axis, and
is the sum ofA andZ. SO interactions give rise to three
levels quantized by&2| = 0, 1, and 2. Ignoring the much weaker

spin—spin (SS) and higher-order SO effects, the energies are

Here, E is the photon energyE is the absorption band
barycenter (the average energy defined by the requirement tha
A1 =0), and the integrals are carried out over the full envelope
of the transition. TheE values and effective bandwidths,
2,/A A, for the (0, 0) bands are collected in Table 1.

For the analysis that followdvi /Ao was evaluated numeri- E(31'I )=Th+ AL(1Q] — 1) (5)
cally for each spectrum. This ratio has the advantage that it is 1 e
independent of variables such as transition moments and the |, ihe gas phase, the electronic term value and the SO
concentration, path length, and refractive index of the sample. coupling constant aré, respectively ~ 29 810 cn? andAn
It is also invariant to unitary transformations of the excited- _ _34779 cnri22 On incorporation of the radical into a
state basid? which allows simpler expressions to be developed condensed medium, eq 5 still holds but with andAr taking
for analysis. However, the offsetting disadvantage is that it 1 qified values. '
pr0\_/ides no direct information about the details of excited-state o, the unconstrained ground-state NH radical, the spin is
CF interactions. _ L not coupled to the internuclear axis. TheX~ term therefore

M1/Aq ratios for various magnetic field strengths are plotted o1ng5 to Hund’s case (b) and is not split by first-order SO
against KT in Figures 5-7. The h'gh'f'eld data for. NH/Kr (or CF) effects. Higher-order SO (predominantly involving the
and NH/N; (Figures 5 and 7, respectively) show obvious satur- 1, 15+ term from the same configuration) and SS interactions
ation. Those for NH/Xe (Figure 6) were collected over a narrow- . ,ce a zero-field splitting (ZFS), denot&d which is not
er magnetic field range, and saturation is less clearly apparent.\iqent in the lowestX = 1) free-rotor level but becomes
apparent at higher rotational levels.

When the radical is rotationally constrained, higher-order

The A3IL — X 32~ system of NH arises from therl— 3¢ interactions permit the spin to couple to the internuclear axis
excitation, where thesi orbitals are nonbonding N 2p and in the X 3=~ term, and it is more convenient to treat the

IV. Discussion
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TABLE 2: Hamiltonian Matrix for the X 3X~ Term of NH

1’2 —10 1¥%, 000 132, +10
@, —1) D'/3 - geusBcosd  geusBsin 6Iv/2 0
(3%, 0| QeusB Sin /3/2 —2D'/3 ~GasB Sin 0/+/2
E5; +1 0 —QgatsB sin0/v/2  D'/3 + gausB cos6

component states in a Hund’s case (a) ba%‘i%z‘ S[JwhereA

= 0 (and is omitted from the ket) amf@ = X = 0, +1. The
level with J = 1 gas-phase parentage now exhibits a ZFS with
energies of

3o 2\~
ECS) = (‘Q‘ - §)D ©6)
D' is an effective ZFS parameter.

For a stationary guest radical in a “noninteracting” h@st,
would be close to the gas-phase valueDofHowever, in real
situations it can be substantially modified by matrix effects. First,

the influence of nearby host atoms can alter the SO contribution

to the ZFS. Second, if the facility of guest rotation is increased,

Harrison et al.

TABLE 3: Parameters for the A 3IT, — X 3¥~ Transition of
NH in the Gas Phase and in Inert-Gas Matrices

NH
matrix (gas}  NH/ArP NH/Kr NH/Xe NH/N2

An/cm !t —34.79-335+ 03 —-21+2 —25.6+0.6 —43.2+0.3
D'/cm™t 1.67—-0.08+0.03 0.01+0.01 0.04+0.01 0.61+0.02

aFrom refs 22 and 3D’ is equated to the gas-phase ZFS, which is
not manifest as a zero-field splitting of the lowe3t 1) level of the
X 33~ state.’ From ref 1.

TABLE 4: One-Electron SOC Constants (cnT?) for the 2P
Terms of Metals and the ASIT; Term of NH

%
Cgb

SOC constant ax

NH

guest species Ef25 Nal7 K26 CW’ Ag?8 Au?

gasphase 023 115 385 369 166 614 2543 34.79
Ar —16 124 783 3354 33.5

Kr —70 —64 95 638 3110 21

Xe —196 —213 —170 100-150 —23 583 2655 25.6

The trend ofAr in Table 3 can be rationalized in terms of
the external heavy-atom effettwhich should increase with

then the spin is progressively decoupled from the internuclear the atomic number of the host. This effect has been investigated

axis, andD' will approach zero (the free-rotor condition of a
degeneratd = 1 level), an effect that is referred to as motional
averaging?®

EPR is normally the preferred technique for measuring

previously for?P terms of alkali”?52%and coinage metals2®
trapped in noble-gas matrices by measuring MCD and absorp-
tion spectroscopy of théP < 2S transitions. In Table 4, the
resultant one-electron SO coupling constafgs ¢f the metals

ground-state ZFSs for paramagnetic species. However, EPRare compared with the one-electron SO coupling constants (

experiments performed on NH/NG matrices have proved

= |Anl) for NH/NG. Within each metal series, the lightest atoms

fruitless, partly as a result of the congestion of the spectra by have(, values that diminish (in comparison with the gas-phase
other radical species produced in the discharge processes. Irvalue) on incorporation into an Ar matrix, wheregsncreases

our earlier work, we have shown that MCD provides an
alternative method with the advantage that AT — X 32 is

well separated from the electronic transitions of other species,

thereby circumventing the congestion problem.
A detailed account of the theoretical basis of our approach
has been presented previouslgtarting from the assumption

for the heavier atoms. The available data suggest that both series
exhibit a monotonic decreasedp as the atomic number of the
matrix gas is increased.

The trends for the values af, of NH/Ar and NH/Kr are in
keeping with those forl, of the lighter metals, which is
consistent with the assignment of the @rbitals of NH to N

that the guest radicals are stationary but randomly oriented in 2p parentage. The apparent increase from NH/Kr to NH/Xe is

the matrix, it yields

S S PAC, -

IC_4;%) cos6 d cosd (7)

M,
— =ugB+
A, Ug

3A,

2

The first term in eq 7 is linear iB and represents the-term
contribution resulting from the excited-state orbital angular
momentum. The second comprises contributions fréterms
of opposite sign, which would cancel if they were not separated
by excited-state SO splitting. THe&s; are coefficients given by

Cy; =02 3% i0 (8)
where|3Z~ il{i = 1, 2, 3 in order of ascending energy) are the
eigenstates of the Hamiltonian in Table 2. The saturation

very possibly an artifact arising from the fact that the data for
the latter were obtained in the low-field, linear limitgB/KT

< 1), where the second term in eq 7 is almost linear in the
magnetic field and the¢ and ¢’ term contributions are more
difficult to separate. Support for this conjecture is provided by
an analysis of Rose’s linear-limit data for NH/Awhich gives

a, ~ 39 cnt?, substantially larger than the value for NH/Ar in
Table 4.

For NH/N;, a, = 43.2 + 0.3 cnt?l, which is nearly 25%
greater that the gas-phase value, suggesting that the interactions
of excited-state NH radicals with,Nnolecules are substantially
different from those with noble-gas atoms. In the absence of
guantum mechanical calculations, we resist the temptation to
speculate on the nature of these differences.

For NH/NG and NH/N, D' is strongly reduced in comparison
with the gas-phase value @f (Table 3). The possibility that
this quenching arises from guestost SO interactions can be

phenomenon enters eq 7 through the temperature and fielddiscounted because the SO contributiorDtés only ~12%2°

dependencies of the Boltzmann populatioRs, The integral
over cod is achieved numerically and accounts for the random
orientation of the guest species.

Least-squares fits of th#1/Aq data using eq 7 yield the

The explanation must be that the NH molecules exercise a
significant degree of orientational freedom within the matrices.
For NH/NG, D’ is reduced effectively to zero, which indicates
that the guest radicals behave essentially as free rotors for which

parameters listed in Table 3. The corresponding calculatedthe lowestJ = 1) rotational level is necessarily triply degenerate
magnetic field and temperature dependencies, illustrated asin the absence of a magnetic field.

continuous curves in Figures5, reproduce the experimental

Because X2~ NH behaves as a free rotor in the noble-gas

data accurately and precisely over the full ranges of temperaturematrices, the guesthost interactions must be weak. As these
and magnetic field. The nonzero ordinate intercepts of each plotinteractions are made stronger, the hindrance of rotational

are a consequence of thé-term contributions to the MCD.

freedom should be manifest as a nonvanistng\; is reported
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