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The matrix isolation technique is a powerful technique for specific questions. But due to relatively high
impurity concentrations (16—10"4) the impurity is not in areal matrix-isolated case, as in theoretical
descriptions. In addition, due to sample preparation (cold deposition) the matrix resembles more an amorphous
thin film rather than ayoodcrystal, in terms of solid state physics. As a consequence, many spectroscopic
data or phenomena were misinterpreted in the past. Therefore, we studiedltmatrix-isolated case~107)

in pretty good bulk matrix material. Looking at impurity spectra (CO,Cahd their isotopes) and analyzing
bandwidths, frequencies, and intensities as a function of temperature, we could characterize the quality of
structural phase transitions of matrix and its hysteresis; we could unambiguously assign crystal field splitting
to orientations of matrix-isolated particles in the host crystal; we could separate homogeneous from
inhomogeneous bandwidth and discuss crystal quality of matrix; due to carefully determined integrated
absorption intensities and known absorption coefficients, we were able to determine the real concentration of
impurities in the matrix etc. Because of the improved FTIR technic (high sensitivity, resolution, accuracy)
we studied in addition the overtone region of molecular excitations and investigated the kinetics of phase
transitions; finally, we found spectroscopic evidence of impurity clusters and bands. Consequently, we are
able to determine solubility limits of impurities in matrix (in our specific case this limit is about ppm).

1. Introduction Three qualitatively different situations were obser¢edrapped

The matrix isolation technique was developed about 50 years molecule replaces one matrix atom only (single substitutional

ago in order to investigate the high chemical active or transient S'ctg’ca s'\:lalll ?géﬂgli ;)Slggtﬁ)tllftiso:]\/;?sﬂgfrae:; ::]o;nmpc))?s:gcsjr;srén ign
species. To reach this aim the species under study had to be,h ry ' P 9

fixed in their unstable or low stable states in inert matrices in of the matrix is formed around the impurity. Recerftiy was

relatively small concentrations. Therefore, some cryocrystals shown _that only the f'TSt situation corresponds_ o the thermo-
such as rare gas solids or solid &d H have been traditionally dynamlc stable situation 'E‘ _the case c_)f rglatlve!y ,:small Mi
used as a matrix material and the samples have been prepareapeqes-ham_ely, so-c_alled smglg substltuthnal site”.

by some different low-temperature condensation methods at _ SINce in this technique the main emphasis was to study the

which the molecules or radicals of interest were trapped in host characteristics of the defect or host crystal particles around it,
crystals. less care was taken to consider correctly effects of the host

At the beginning of the 1970s it was understood that the crystal; therefore, _site effects, poI_y_mer phenor_nena, temperature
matrix isolation spectroscopy can render some important effects of the matrix, phase transitions of matrix, etc. were often

information on the physical aspects too. At first, it was related Misinterpreted as a behavior of the doped particle.
to (i) the influence of the matrix on the matrix-isolated (M) ~ Our idea is to use the matrix isolation technique like an
molecule, (ii) the matrix changes around these species and thénstrument to collect some important information on the host
site effects, (iii) the interaction between the trapped molecules, cTystal. We believe that by monitoring the behavior of the
and (iv) the dimer formation. In these “physical” investigations, impurity molecules carefully, we can probe the host crystal
the simple stable molecules (CO, §@H,, OCS, NO, NO, regarding such parameters, whose changes can affect the
etc.) have usually been used as MI species. registered spectroscopic characteristics of the matrix-isolated
Considerable progress has been made toward a theoreticalMolecules. The intermolecular distance, site symmetry, and
understanding of the vibrational and rotational shift for M| Orientational order belong to these parameters of the host crystal;
molecule in matrix. Under conditions of perfect isolation, these I-€-, by this approach we can gain information on the crystal

environmental frequency shifts are determined the soluttrix quality, phase transition, possible orientational positions, ori-
interaction statistically averaged over translational and orien- €ntational order parameter, local ordering around the impurity,
tational motion of both interacting particlés? Some experi- etc. by investigating the spectroscopic characteristics of the

mental information was also collected on the reaction of the Matrix-isolated molecules. This idea is based on the following

matrixes to the insertion of these species into matrix (matrix considerations.

sites effects) as well as on the influence of the different matrixes ~ The spectroscopic characteristics of a matrix-isolated mol-
on the characteristics of the trapped molecules (matrix effects). €cule such as the vibrational frequency and the corresponding
The main efforts have been put to investigate these mutual bandwidth depend on the interaction between the trapped

effects at the insertion of linear molecules into rare gas solids. molecule and the surrounding host particles (atoms or mol-
ecules), the thermal motion of both guest and host particles,
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deforms the host crystal lattice around it. However, the
displacement field around the impurity reflects the symmetry
of the trapped molecule as well as the symmetry of the host
crystal lattice and is quantitatively determined by the impuitity
host crystal interaction to®’ The relative displacement of the
matrix particles in the vicinity of an impurity changes rapidly
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signal-to-noise ratio. Besides the CO and Gfibdes, the IR-
active combined bands of the host crystals (such as sideband,
two-vibron band) were also recorded. We used these combina-
tion bands as an internal standard to determine exactly the phase
transition points in the host crystals.

A specially designed sample cell with diamond windows

from the first shell of neighboring matrix particles to next ones. (accessible frequency range-143 000 cnt?) was mounted on

At distances more thanR3 off an impurity, whereR, is the a closed-cycle cryostat coldfinger. The accuracy of the sample
radius of the first coordination sphere of the host cryocrystal, temperature stabilization coincided approximately with the
this displacement can be neglected with respect almost all gccuracy of the temperature measurement during our experi-
impurity qualities. Furthermore, there is not any phase boundary ments: a computer-controlled temperature variation. We mea-
between this deformed matrix area and perfect regions of the syred the sample temperature with a standard Si diode with an

host crystaf. That is why we can presume that the matrix
particles in an area deformed by an impurityatrix interaction

accuracy 0f:0.005 K in the temperature region-1@5 K and
+0.05 K at higher temperatures. The Si diode was directly

react to a variation of external conditions (pressure, temperature)attached to the sample cell. This Si diode was additionally

qualitatively similar like the matrix particles in the perfect host
crystal region. Because the number of the matrix-isolated
molecules is very large (about ¥t the admixture/matrix ratio

of 1077) and these impurity molecules are randomly distributed
in the host crystal, the experimental values for frequency and
bandwidth of the matrix-isolated molecules are statistically

calibrated by 9 standard points (melting points of Ne, O,

N, CHy; temperatures of the solicsolid phase transitions in
CHi, O Np) as well as by comparing the experimental
temperature pressure dependencies of the equilibrium vapor
pressure for liquid Ne, ©and N> with the daté This procedure
allowed us to reach an absolute accuracy of the sample

averaged on the whole host crystal. Consequently, these valuesemperatures not less thar0.02 K below 25 K andt0.1 K

yield information on the long-range order in the host crystal.
This means that the ensemble of matrix-isolated molecules

senses the long-range order in the host crystal and, of course

below 100 K.

Matrix isolation (MI) technique used to work with an
admixture/matrix (A:M) ratio of~107%; this high concentration

senses the changes in the host crystal when the externalan cause problems such as dimers, insolubility etc. In order to

parameters (pressure, temperature) are varied.
The main aim of this work is to prove our general idea. Using
the matrix isolation technique we investigated the host crystal’s

crystal structure perfection, phase transitions, and possible

orientational positions.

Solid nitrogen was selected as a host crystal consisting of
IR-inactive molecules that possesses a phase transifipg; (
= 35.6K) in the solid state. The low-temperaturephase of
this crystal is orientationally ordered and its structure corre-
sponds to thé>a3 space group. The high-temperatgrphase
of solid nitrogen ha®6s/mmmcrystal structure (so-called hcp
structure) without any long-range orientational order (“plastic”
phase). The IR-active linear molecules CO an¢ @@re chosen
to probe indirectly this crystal at the admixture/matrix ratio of
about 107. Because the phase diagram of the- €O, system
is unknown up to now,nothing is known about miscibility or
solubility.

Our paper is structured as follows. The next section outlines
our experimental procedure, such as sample preparation, dete
mination of concentration, and spectroscopic details. The
experimental results are presented together with the discussio
in one section. We will focus on three different aspects: first,
present a physical model of the behavior of linear guest
molecules infPa3 and hcp structures based on our spectroscopic

data; second, interpret experimental values to probe host crysta

qualities; third, discuss solubility limit and clustering of impurity
molecules.

2. Experimental Section

We investigated nitrogen doped by CO and Gfiblecules
by FTIR studies in the temperature range from 10 to 90 K. The

r_

avoid any influence of the impurity interaction, we used an A:M
ratio of <107 to achieve theaeal MI case.

The samples must have high-quality structure to observe and
to study the matrix-isolated molecules in the wide temperature
region at such small concentrations. Furthermore, the initial
sample structure had to correspond to the thermodynamic
equilibrium crystal structure of the host crystal to investigate
the equilibrium phase transitions and probe the host crystal
qualities. The traditionally used deposition technique in Ml
produces too many defects in the matrix; therefore, we grew
perfect crystal samples from the liquid.

The sample cell was evacuated1(0~® mbar), purged by the
gas mixture at the room temperature, and repeatedly evacuated.
The empty sample cell was cooled onto a temperature corre-
sponding to the liquid phase of the matrix material. At a
temperature a little higher than the melting point-@LK), the
gas mixture was loaded into the cell at the pressure of 1.5 bar.
After condensation at the same pressure, this liquid sample was
slowly (3 K/h) cooled toward the melting point to grow slowly
the crystal. Our crystal had the diameter of about 10 mm and

Thickness of about 1.2 mm. The grown crystals were completely

transparent to visible light without any visible boundaries. As
we will show below (Figures 3, 4), in our samples the
{undamental bands of the CO and g£@olecules-matrix
solated in solid nitrogefrpossess almost no residual inhomo-
geneous broadening caused by static crystal imperfections.

We applied different techniques to determine the impurity/
matrix ratio: via partial pressure, via mass spectrometry, and
via spectroscopy (absorption coefficient). The purity of used
nitrogen gas was 99.999%. Two series experiments with
different A:M were carried out. In the first series (A), we used

infrared spectra of samples were recorded in the spectral regionthis nitrogen gas with small traces of @@olecules to probe

of 2000-5000 cnt? by a Fourier spectrometer (Bruker IFS 120
HR), equipped with a glowbar source, a KBr beam splitter, and
a liquid nitrogen cooled InSb detector. The frequency resolution
was varied from 0.007 to 0.037 crh depending on the
bandwidth of the investigated line. The optical cutoff filter for
the spectral region 2068000 cnT! was used to improve the

the host crystal. The concentration of the £ our nitrogen

gas was equal to 135 ppb, determined by mass-spectroscopic
measurements. Only monomers of the G®N, crystal were
observed in our middle IR spectra. Thefundamental mode

of isotope!3C10, (concentration of isotopes in solid nitrogen
was approximately I¥) was also clearly seen in IR absorption,
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Figure 1. Internal vibrations of CO molecules matrix isolated in solid nitrogérs 11 K; Y2CO/N; ~ 5 x 1077; 13CO/N, ~ 5 x 107°.

TABLE 1: Concentration of the IR-Active Impurities in

but only in thea-N; phase T < 35 K). The integrated intensity Our Sample

ratio of thevs vibrational bands of*C'%0, and 2C1%0O, was - - - -
0.0106 that coincides with the natural abundance (1'#1% samples €0 €O o o
In the second series (B) of experiments, we premixed 75 ppm A (N2, 99.999%) 141077 ~1.5x 107 , .
of CO; gas with N gas. Bands, which we assign to £€usters BNz 75ppmCQ 15x 107" ~1.6x 107 5x 1077 ~5> 107
(see later), were observed in these samples as well as band
which we assign to CO®molecules matrix isolated in solid

nitrogen. It was very surprising to us that the integrated | this section we begin with the orientationally ordered
intensities of the’; modes corresponding to the €@olecules  ;_hhase. Next, we show how the matrix-isolated species react
ma_trlx isolated in solid B were just the same for samples of 5 tne o—f phase transition. After that we will analyze the
series A and B. It could be suspected that small amount of CO n;syal feature of the matrix-isolated molecules behavior in the
is permanently present either in our sample cell or in our sample jentationally disordereg-nitrogen. It is very important to note
preparation system. T(_) exclude this hypothe5|s, we performedinat poth series of our samples (A and B) were practically
another experiment with pure oxygen in the same setup andjgenical with respect to the spectroscopic results of the CO
found no traces of COmolecules in our spectra. IR spectra of - 516cyles matrix isolated in solid nitrogen. At the end of this

samples enriched with GQ75 ppm in N) also contained lines  gation we will discuss the GQrlusters in our samples with
that we assigned to CO molecules. Our £@as (purity 75 ppm of CQ.

0 I I I -
99.995%) contains the CO molecules as the residual contamina 3.1. IR Active Modes of CO and CG Molecules in

tion. Only monomer bands of the CO inyNrystal were : . ;

observed in our spectra. IR absorption of iSOtoRE0 o-Nitrogen. In a- nitrogen the host molecules are oriented along
fundamental mode as well as of tHE€%0 overtone band was the body diagonals of the cubic structure. In these orientational
clearly observable at a temperature less than 25 K too. Figure'oos't'.OnS they gccompllsh librational motions °TM5 )- The

1 shows our experimental spectra of the CO molecules matrix amplitude of this motion depends on the relation between the
isolated in solid N at 10.9 K anisotropic part of the intermolecular interactiog,s and the

The ratio of the integrated intensities of €10 and'?C'0 r%tr?]t;)?: :tli O%orjf?g? ;;tetzg aln:)()alf;#]gat'ergs(;?% %Tzﬁmg e

fundamental bands was 0.0126 that is just the same as the naturg e known potential parameters of the CO, £@nd N

gbin(;a(::g. oTeze;(rgigingQ;alolfngﬁggle% ?Essrrﬂ?%mééhzt molecules (Lennard-Jones parameters, the quadrupole moments,
10.9 K were 0.012 64 0.000 06 cm* and (9.9+ 2.7) ><glo‘5 etc®t), it is easy to show that the numerical values tyi/B
cm-‘l respecti\}ely Usiné the relation ) ) for the CO and C@ molecules isolated in solid nitrogen are
) larger than this relation for the host crystal. This means that

our guest molecules are oriented similarly to the host crystal
molecules and the amplitude of their librational motion is at
least as small as the one for the nitrogen molecules. Therefore,
whereVimol(N2), aco, andL are a nitrogen molar volunié the we can expect a qualitatively similar temperature behavior of
absolute absorption coefficients for the gaseous?G@d the the vibrational frequency and the bandwidth of these matrix-
thickness of our samples, respectively, we were able to estimateisolated molecules in comparison to the corresponding N
the concentratior of the CO molecules in the samples of the vibrons. On the other hand, the CO and iNolecules have
series B. It was shown by Legay-Sommaire and Légéyat almost the same si¥ewhereas the COmolecules are bigger
the environmental effects may alter the absorption coefficients than the host crystal molecul&sConsequently, the deformation
less than 20% which can be neglected in our consideration. of the matrix around the impurity must be substantially different

Consequently, we determined for both set of experiments thefor these two guest molecules. This circumstance must be
following impurity concentrations by optical spectroscopy and reflected in the spectroscopic characteristics of the Ml impurity
mass-spectroscopic investigations (Table 1). too.

33. Results and Discussion

Cco(N2) = Vinal(N) (lind 0t o)/L 1)
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Figure 2. Temperature evolution of vibrational spectra of IR-active
molecules matrix isolated in-nitrogen. CQ/N, ~ 1.3 x 1077; CO/
N2~ 5 x 107,

The spectra of thé2CO, and 2CO internal vibrations in
a-nitrogen are shown in Figure 2. Two features are clearly

visible: as the temperature increases, the band maxima of

matrix-isolated species are shifted to lower energy and the
bandwidths become larger. This behavior is qualitatively similar
for eachband of the MI species observed by us.

3.1.1. Bandwidth Each of our matrix-isolated absorption

bands had a symmetric profile (see Figure 2), and their shape

can be described neither by a pure Lorentz nor by a pure Gaus
function. Therefore, we opted for the Voigt function to describe
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Figure 3. Bandwidth of the C@vibration ina-nitrogen as a function

of temperature: the spectral band shape at experimental values
(diamond) was first deconvoluted into a Lorentzian (cross) and Gaussian

(plus) band shape. On the basis of our model (see text), we fitted the

Lorentzian data points (dashed line, calculation) and the Gaussian ones
(dotted line, calculation) and modeled by that the experimental values

(dash-dotted line, calculation).
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Figure 4. Bandwidth of the CO vibration in-nitrogen as a function
of temperature (star, experimental vakfgs the spectral band shape

St experimental values (diamond) was first deconvoluted into a

Lorentzian (cross) and Gaussian (plus) band shape. On the basis of

the experimental band profiles, because this function correspondsour model (see text), we fitted the Lorentzian data points (dashed line,

to the convolution integral of the Lorentz and Gauss probability
densitie$” and its characteristic function is traditionally used

like the decay law of the vibrational amplitude at studies in the
time domain. This choice allowed us to achieve very good

calculation) and the Gaussian ones (dotted line, calculation).

Although some experiments were dedicated to investigate the
vz mode of CQ trapped in solid nitrogetf 2! we were not
able to find any information on the corresponding bandwidth.

agreement between the experimental and analytical profiles for ppost et af2 carefully investigated the CO matrix isolated in

all our spectra.

Figures 3 and 4 show thECO, and 2CO bandwidth as a
function of the temperature im-phase of solid nitrogen,

solid N; as a function of the CO-concentration at some
temperature points. The fwhm values for the lowest concentra-
tion (~10°CO in Np) investigated by them are shown in Figure

respectively. As can be seen, the CO band is essentially narrowe# too. Their values are larger than ours and this discrepancy
than the CQ one at the low temperatures but possesses amay be attributed to different sample preparation technique (the
substantially stronger dependency on the temperature. samples in ref 22 were obtained by spraying a gaseous mixture
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of CO and N onto a cold CsBr plate). Our fwhm values for TABLE 2: Parameters of the Relaxation Processes
the CO and C@in a-nitrogen were comparable to the data for Determining Lorentzian Broadening of the CO and CO,
the vibron bands of pure nitrogen crystalTats 25 K.23.24 Bandwidths in o-Nitrogen® .

Three groups of physical reasons are known to cause band g »co N, "Cg N “N,"CO,
broadening: inelastic (depopulation) processes, elastic (dephas- i
ing) processes, and a stochastic distribution of the local crystal ’ )

IR S | O T
fields originated by different kinds of crystal imperfecticiis. ‘ I I W ‘ { ‘ ] [ o.cm’
The first two processes are directly connected to the lifetime of N N NONN BN
the excited vibrational state and lead to a Lorentzian profile @ @ o 98 N 5
(so-calledhomogeneous broadeninghereas the latter broad-
ening mechanism results in a Gaussian profile (so-called guestmolecule  @gepop Baepop @deph Baepn
inhomogeneous broadening co 47.2 0.003 31 0.08

To separate the different broadening mechanisms occurring COo, 20.7 0.011 85.5 11

in our samples the Gaussian and Lorentzian contributions t0  a o values are given in cr.
the bandwidths were derived from their spectra. The temperature

dependencies of these components as fit function are depictechhonon, including localized librational and translational motions
in Figures 3 and 4 too. This deconvolution procedure is only a of the impurity molecule, and the.;, in (3) is a frequency of
little bit questionable at 11 K, where the fwhm of the CO band any other internal molecular vibration in our system (host crystal
and the apparatus resolution (0.007 €jmalmost coincided. vibrons, isotopes, etc.) whose values are lower than the
(a) Lorentzian Component of the BandwidTthe temperature  frequency of the analyzed guest molecule.

dependencies Of the eXperimental Lorentzian fwhm fOI’ cO and Only one depopulation decay Channel exists for the case Of
CO; are very similar to each other (see Figure 3 and 4). This the 12CO internal vibration in N crystal at low temperatures;
means that the relaxation mechanisms were the same for both ¢ | energy transfer to the isoto€0. Owing to the extremely

excitations. At almost all temperatures (except nearathg low concentration of impurities the contribution of this process
phase transition) the CO vibrations are characterized by a smalleryp the main CO isotope Lorentzian bandwidth is expected to
Lorentzian bandwidth component than th€CO;) excitations. be very small.

The exponential decay times corresponding to our Lorentzian  although many possibilities are in principle available like
fwhm for the CO and C@in solid nitrogen were 840 and 450  down processes for thes(*2CO,) vibrations, their inelastic
ps at 14.8 K, respectively, and decreased to about 100 ps at 3%e|axation is mostly governed by transferring energy to the host
K. It is interesting to note that the low-temperature value of crystal vibrons, since the probability of the depopulation
the v3(CO,) decay time derived from our GOLorentzian  processes (3) is proportional to the occupation numper{exp-
bandwidth is very close to th¥N; vibron relaxation time in (hwilkT) — 1]~* of the phonon states with the frequency
a-nitrogen and is substantially larger than the one for the
stretching vibrations of th®N, molecules dissolved in thi$N,
crystal, measured by TR-CARSWe think that this discrepancy
may originate from the considerably higher concentration of
the impurities (1.7% of®N; in 14N, crystal). As was shown by ) _ .
Dubost et al? the impurity fwhm rises noticeably with ~ requency to model the dephasing processesay. = g, =
increasing concentration of the same kind of impurities. wdepn N the eq 4. Then, the general formulas®éf can be
Let us analyze in more detail now the temperature depend- SimPplified:
encies of the Lorentzian bandwidth component for the systems
investigated by us. The Lorentzian component of the impurity AL = Byepod 1 t Ngepod T Baepaept T Ngepd  (5)
vibration bandwidth can be described as follows:

_ — imp _
w; = wdepop_ Wyip Wyjip

For the sake of simplicity, we choose only one average phonon

HereByepop Ndepop@NdByepn Ndepnare the square of the effective
A= Tl’1 + T,* -1 (2) anharmonic coupling coefficients and the occupation numbers
of corresponding phonon&gepopandwqepy for the depopulation
whereT; is the rate of population decay aiig* is the rate of and dephasing processes, respectively. The véggs, Baeph
pure dephasing. andwgephWere obtained by fitting the experimental Lorentzian
The general expressions for and T, are given in ref 25 for bandwidths with the formula (5). The parameters determined
the decay of phonon and vibron modes in pure crystals and inby this fitting procedure and the frequenci@gepop involved
ref 27 for the specific case of impurity vibrations. Although are collected in Table 2. We interpret these results as follows.
the relaxation mechanisms are different in these two cases (pure The energy transfer from the exciteg(*?CO,) state to the
and doped crystals), the final expressionsTort and forT,* 1 host crystal vibrons dominates at low temperatures. The pure
are the same. dephasing of the C£xibrations becomes nonnegligible at about
At low temperatures two basic assumptions may be made: 24 K and becomes the dominant process at temperatures higher
(i) only cubic down-conversion processes contribute to the than 30 K. The vibronic dephasing of tHéCO, molecules
population decay of the impurity vibration; (ii) only the lowest matrix isolated in solid nitrogen is governed by a localized mode
order quartic processes contribute to the pure dephasing. Thesevith the frequencyvgepn = 85.5 cnml, which results from the

processes can be summarized as follows: alteration of the distribution of normal modes of the d\ystal
, (wpebye ~ 58 cn 1)1 by inserting these guest molecules. It is
depopulation processesoyy = W, + @y, (3) hard to define exactly the origin of this localized mode (either
. . translational or librational one) without direct calculations.
dephasing processesyy, + wg, — wp, = oy 4) However, according to our opinion, the assignment of this mode

as the CQ librational mode is more plausible; as we already
It is implied that thewyn is the frequency of a thermal bath  stated, the C@libration is considerable different to the host
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crystal librons, whereas the G@ranslation is almost similar  values of a guest molecule. The first moment of this distribution

to the lattice translations. expresses the environmental frequency shift observed by experi-
The broadening of the CO internal vibrations by dephasing MentAw = wv — wgas Whereas the second moment corre-

processes is nonnegligible at 11 K already and becomes thesponds to the Gaussian broadening of the guest molecule

dominant process at temperatures higher than 20 K. Thebandwidth. The explicit expression for th&s in the self-

corresponding value of a suited mode in an elastic praogss consistent-field approximation (so-called “quasi-static broaden-

(31 cnT?) is close to the frequency of the low-energy N INg”) is given in ref 3. Taking a librational motion of molecules

librational mode (32 cm?) as well as to the maximum of the  into consideration only we obtain

density of phonon states of-nitrogen!! This means that the ) ) _ 5

CO molecule is embedded in theN, crystal very well and all ~ (Ag")quasistatic= 8 IN(2)DT(L — 1) ny,” + (1 — 1) 9" +

of its excitations are strongly coupled to the host crystal lattice 1- )2(1 _ )2] (6)

ones. The pure dephasing of the impurity vibrations is caused N, g

by anharmonic interactions with other modes of crystal. The . . S

librational motion of both the host crystal and the CO molecules He_re D IS the effectlve force _constant originating from the

becomes very anharmonic at temperatures higher than 30 K anisotropic part of the interaction between the guest and host

Therefore, the higher order terms of the dephasing processed"'0l€CUles, angq andsy, are the orientational order parameters
(eq 5) must be taken in account in this temperature region in of the guest and host molecules, respectively. Because the CO
principle molecules are almost fixed in their equilibrium orientational
’ . . positions {co, ~ 1), whereas the CO molecules join in the
col—?fﬁ:igr?tsé Crysi;alegusalItv{hggg]sl,yth?edz;gi) Vall:/zllj)gsthe anharmonic librational motion together with the host crystal
depop ’ deph deph

are just independent of crystal quality. TBigpopvalue increases molecules fco ~ ;). €q 6 may be reduced as follows:
noticeably in “bad” samples. This means that the depopulation 2 _ 201 _ 2
relaxation processes are substantially more sensitive to the (AcquasistaikCO) = 8 IN(2)Dco, (1 =y )"  (62)
existence of crystal defects in comparison to the dephasing ones ) )
as expected. (A ) quasistai CO) = 8 IN(2)Dco (1 — 77 ) (1 — 2y, +

(b) Gaussian Component of the Bandwid#s in the case 3 2) (6b)
of the Lorentzian components, the temperature behavior of the 2

Gaussian bandwidth componentse] is qualitatively similar The total Gaussian bandwidth is given by the superposition of

fqr both ;ubstances. This S|mllar|ty was more pronounged for the inhomogeneous broadening originating from static crystal
high-quality samples. However, in the case of MI @ solid imperfections and the quasistatic broadening:
N2, about 80% of the bandwidth possesses Lorentzian character, '

whereas, for CO the Lorentzian part equals the Gaussian one 2 _ 2 2
(Figures 3, 4)_ P a AG - (AG )inhomog+ (AG )quasistatiéT) (7)

As can be seen, the Gaussian component of the CO ysing the eqgs 6, 7, and the known experimental values of the
bandwidth is almost constantts 27 K and increases slightly N, orientational order paramet&rwe fitted the experimental
at higher temperatures. The plateau at low temperatures is lesssaussian components of the CO and ;Qndwidths. The
pronounced for the CO Gaussian bandwidth and extends toresults of this fitting procedure are shown by dotted lines in
about 20 K only. The Gaussian bandwidths at low temperatures Figures 3 and 4. We obtained zero values of the inhomogeneous
are about 0.01 crt for MI CO, and CO; both values are close  proadening for both substances, which means perfect crystals;

to the value (0.0068 cni) of the Gaussian contribution to the  the D values are as follows: 0.028 and 0.014 énfor CO,
vibron relaxation in thex-nitrogen obtained by time-resolved  and CO, respectively.

coherent anti-Stokes Raman scatteAh@ubost et af? ob- As can be seen, the quasistatic broadening mechanism
served the pure Gaussian broadening in their CO spectra at thesxplains the temperature dependence of the, Gaussian
lowest CO concentration ard< 20 K (A = 0.02 cn* at 20 bandwidth but does not explain the strong temperature-caused

K). The surprisingly strong contribution to Gaussian bandwidth Gaussian broadening of the CO bandwidth $ymbols in
broadening (as large as Lorentzian components) was observe¢omparison to fit (dotted line)). This means we must take into
for the CO internal vibrations at temperatures higher than 20 gccount the direct dynamic coupling between the librations of
K. the CO and Mmolecules as well as the libratiorgfanslational
According to common idea®, a Gaussian broadening is coupling originating from the combined orientational motion
caused by a static distribution of crystal defects and is of the CO molecule plus a deformed matrix area around it, which
temperature independent as long as this distribution is not we neglected before in (6).
changed: Ainhomod T—0) mirrors therefore the crystal quality. Using the results of our modeling of the Lorentzian and
If we rise temperature, especially close to a phase transition, Gaussian components, we calculated the total full width at half-
many effects play an essential role which contribute to a maximum for thev3(CO,) band inoa-nitrogen. The excellent
temperature- or entropy-caused Gaussian broadening of theagreement between the experimental and calculated values was
vibron bandwidth, which is not considered in the Lorentzian achieved in the whole temperature region of the existence of
bandwidth: e.g., the time dependence of the instantaneouso-N, (see Figure 3).
positions and mutual orientations of interacting particles, larger 3.1.2. Mode FrequencieShe experimental values of the
amplitudes, hopping processes, generation of vacancies. Thdrequency of the fundamental modes of #€0, 13CO, 12CO,,
instantaneous environmental frequency shift of the dissolved and 3CO, matrix isolated in thex-nitrogen as well as of the
molecule is a function of the instantaneous positions and mutual 12CO overtone averaged over all our samples are presented in
orientations of interacting molecules. Therefore, the orientational Table 3.
and translational motions of both the guest and the host Our frequency values for the internal vibration of the CO
molecules lead to the corresponding distribution of the frequency isotopes coincide with the high-resolution data by others for
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TABLE 3: Frequencies of the CO Fundamental andvs(CO) Because all molecular spectroscopic constants used in (9) are
Vibration Ml in Solid Nitrogen 2 known with a high accurac¥; 33 the functior\W, provides direct
temp, K CO, 13CO 12Co BCO  wp-2(*2CO) experimental information on the forces acting between the guest

109 534909 228322 2139.78 209263 425305 Molecule and the host crystal ones as well as on the changes in
14.8 2349.05 2283.18 2139.77 2092.61 4253.02 this interaction caused by the variation of internal conditions.

19.6 2348.95 2283.10 2139.73 2092.58 The Wy values (eq 9) for the CO and G@nolecules matrix

246 234880 228296 2139.68 2092.54 isolated in thex-nitrogen are shown as a function of temperature
27.7 234869 228285 2139.64 in Fiqure 5a.b

31.6 2348.52 2282.69 2139.58 hg . ,f ' h f he f f P
335 234842 228260 213954 The main factor _t at affects t e frequency o MI species is
355 234831 228250 2139.49 the thermal expansion of the matrix as the temperature increases.

The increase in the matrix volume by temperature changes the
distance between the guest molecule and the surrounding host

similar concentrations of CO in the Nmatrix at the same crystal _particles directly and leads to the lowering of the
temperature rang®. In the literature we found some values orientational order parameter of both (host crystal and guest

a All values are given in cm'; experimental inaccurac0.01 cnr?.

about thevs vibration frequencies of thEC0O, and 3CO, MI molecules)_ indirectly. Therefore, _the functiony may be

in solid nitrogen, at temperatures 10°%2°17 K 2L and 20 K8 expanded into the Taylor series with respect to the dlst_ﬁhce
and at much higher A/M ratios (18-1072). The sets of data between the guest molecule and the nearest neighboring host
do not match each other. crystal particle aR(0) = R(T=0). We consider only the two

Next, we want to show that the analysis of the temperature first terms of this series, since the changeRiare relatively
dependencies of the mode frequency of MI species can provideSMall at equilibrium vapor pressures:
important information on the host crystal itself as well as on W
the mutual interaction between MI impurities and host crystal _ ( g) _
particles. We(T) = We(0) + R R=R(O)[R(T) ROI  (10)
The “solvent shift” or matrix shift for the fundamental
absorption bands in the pure matrix isolated case may be writtenThe Wy(0) values were obtained by extrapolating the experi-

in the following form, according t mental temperature dependencies shown in Figure 5a,b to zero
temperature and are presented in the first column of Table 4
B, 282UCO for all species investigated by us. Using these valuea/0)
Aw, (CO)= o r o2 + together with the known experimental values of the nitrogen
e r=r

lattice parameteR(T),!* we can model the temperature depend-
a)exe( 8Uco) DE B, encies of theéw, function with the formula (10) to determine
—Wo (8a)
r=rq We co

-1

Awg ., (9)

@y

B \" or the @Wy/dR)r=r() Values for each MI species separately
€ (presented in Table 4). The results of this fitting procedure (lines
U in Figure 5a,b) coincide perfectly with the measured temperature
By, co, . ; . .
Ay, (v5(CO,)) = —||I. 5 — dependencies of mairix shift of all four Ml species. .
W3 09~ Jg=0 Next, we would like to elaborate that the different matrix
U shifts Awo—1 (Figure 5a,b) are actually very similar (Figure 5c)
w3ksg By co, B, o . ;
6—\/:(,0 ) DE —Wo (8b) and haye the same orlgm.'Th(_a functidf in 9) is _composed
1B3 Y 0\ 9o Jo=r, Wy 772 of the first and second derivatives of the interaction enésgy
with respect to the corresponding normal coordinate of the solute
The equations (8) may be paraphrased in the following general at the equilibrium nuclear distances. These derivatives are
formula to plot the scaled matrix shift for comparison: described by similar functions of the coordinates of all (CO,
) CO;,, Ny) interaction particles and usually have the same order
W.=r2 0 Ug D+ K m BUg) D: of magnitude. Therefore, the ratio of the terms in the function
9= e aqz =0 9 pa_p =T, Wy (eq 9) is mainly determined by the coefficieljg in front
of the first derivative Kg = 7.8692 for CO an&Ky = 62.7 for
Here, Ugq is the intermolecular potential energy of the guest CO). Then, for understanding the situation qualitatively, the
molecule;q is the normal coordinate of the guest molecule’s first term in eq 9 may be neglected. This reduction leads to a
internal vibration conjugated to the harmonic frequeagyand small renormalization of the value of the first derivative of the
the measured frequency shitiwo—1; p andr. are the instan- intermolecular potential energy of the guest molecule relative
taneous and equilibrium bond length of the guest molecule, to the true quantity only. In this approximation
respectively (in the case of the G@noleculere equals the
distance between the oxygen atoni)andKgy are the rotational . g D !
constant and the coefficient composed of the guest molecule’s Wy = KU~ Kq 90 )t 9)
spectroscopic constants corresponding to the analyzing fre- ¢
quency respectively, e.9.8q :ZBe andKg = 3,/ /B, for The variation of theJ’ values with temperaturéJ)((T) — U'(0))
diatomic moleculesBq = h/(87uacre) and Kg = —6ksai(ws/ for all of the Ml species investigated by us is presented on Figure
B3)Q/Blla)13 for an asymmetric vibration of a linear three- 5c. As can be seen, the temperature shift of thevalues is
atomic molecule Xe andks3; are the anharmonic constants of practically identical for all guest molecules; i.e., their temper-
the free CO and COmolecule, respectivelyis = momc/(me ature behavior is governed by the same physical mechanism.
+ 2mp), Mo and mc are the mass of the oxygen and carbon In other words, the measured mode frequency shift of Ml
atoms, respectively); the angular brackets denote the quantummolecules in a matrix as a function ®fis ruled by the volume
mechanical and thermodynamic averaging over translational andexpansion of the matrix material. In reverse order, if one has
orientational motion of both interacting particie. measured the temperature dependence of matrix shift of an
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Figure 5. Normalized frequency shift of the internal vibrations of the MI molecules-initrogen: (a)*?CO; (diamond, experiment; solid line,
calculation);*3C0O, (cross, experiment; dotted line, calculation); ¥#}O (circle, experiment; solid line, calculatiod¥CO (star, experiment; dotted
line, calculation); (c) scaled normalized frequency shift using data points a and b.

TABLE 4: Normalized Matrix Shift for Ml Species in explain why this band exists in the orientationally ordered
a-Nitrogen? o-phase of nitrogen only. In the present work, this IR-active
substance W(R(0)), cnmt WIBR|r(@), cm 1 A1 host crystal band was used like an internal standard during our
12c0, —101+ 33 80407+ 467 measurements to detgrmlne the point ofdhes phase transition
13CQ, —829+ 33 —794944+ 864 in the solid nitrogen independently.
2co —3911+11 —99424 412 These changes in the spectroscopic characteristics of the guest
©Co —3894+11 9995+ 305 molecules were completely reproducible by heating and cooling.
aFor details see eq 10. Moreover, we clearly observed a thermal hysteresis 0f 0.3

K for the o—p phase transition in solid Noy monitoring the
behavior of impurity bands (showed areas in Figure 7a,b). This
hysteresis was best distinct in the case of,Gectra (Figure
7a,b) because both the frequency and the bandwidth afsthe
(COy) internal vibrations show a clear jump at the-3 phase

impurity embedded in a matrix, whose volume expansion is not
known, one can estimate this value.

Now we would like to discuss the isotope effect on the
frequency shift of the guest molecule. As can be seen from

Figure 5a,b and Table 4, the isotope shift of Wgvalues has transition in solid N. Furthermore, we observed the coexistence

the opposite sign in the case of the CO and,@@lecules. X X X
The heavy CO isotope possesses the greater mass and thiegion of theo- andf-phases and were able to watch the growth

smaller rotational constaf:33 Therefore, these MI molecules of crystal qf thq@-phasg of So".d nitroge.n recording the speptra
are characterized by smaller amplitude of both translational and ng;\/I I species as a function of time at a fixed temperature (Figure
librational vibrations compared to the light isotope at the same "~ ™7 .
parameters of a gueshost molecule interaction. Both of these ~ 11iS means that by monitoring the MI molecule carefully
effects result in smaller effective volume per guest molecule W€ €an not only observe the phase transition in the host crystal
and consequently lead to the higher frequency of internal a_nd c_:Iarlfy th_e order_ (_)f this transition but also investigate the
vibrations (Figure 5b). The isotope substitution of the carbon Kinetics of this transition and the hysteresis phenomena.
atom causes no changes in the molecular rotational quantum of The existence of two bands for thg{CO;) fundamental mode
the CQ3! and the increase of the molecular mass would have in A-N2 is a strong indicator for the fact that two possible
to cause a qualitatively similar isotope effect like in CO. We orientations of molecules exist in the hcp structurg-®f,. The
can only think of one reasonable explanation of the anomaloustotal intensity of two C@ bands in thes-nitrogen is equal to
isotope effect for C@ The molecular parameters &tCO, the intensity of the C@peak in thex-N; at the transition point
(quadrupole moment, polarizability, etc., or their derivatives with Within experimental error. The high-temperatfrphase of solid
respect to the normal coordinate of the asymmetrical internal hitrogen is characterized by a rotational disorder at zero pressure.
vibration) determining its interaction with the surrounding host Because the C£inolecules possess a moment of inertia 5 times
particles are different from the parameters of the light,CO larger than the N molecules, they cannot join in a thermal
isotope, like in hydrogen. orientational motion of matrix molecules but are almost fixed
3.2. Probing the Phase Transition in Solid Nitrogen All in equilibrium orientational positions. In these positions theeCO
spectroscopic characteristics of the guest molecules show soménolecules can accomplish a librational motion only. In contrast
discontinuity at thex—/ phase transition of solid NThe CO  to the CQ molecules, the CO impurity molecule is almost
band became invisible in th&N, and one C@band ina-N, identical to the matrix molecule and takes part in the orienta-
was split into two bands in th-N, at exactly this transition  tional motion together with them. Because of the strong
(Figure 6). This fact was confirmed by simultaneous monitoring rotationai-translational coupling as well as the multiplicity of
the behavior of the two-vibron band of ;Nthat abruptly possible orientational positions, the CO fundamental becomes
disappeared at—{ transition (Figure 6). very wide in3-N, and therefore cannot be observed at such
The two-vibron band temperature behavior in solid nitrogen Small concentrations of the CO molecules1Q™).
will be discussed in more detail elsewhétdhere we will also 3.3. v3(CO,) Bands in B-Nitrogen. As the temperature
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Figure 7. Thermal hysteresis of the —  phase transition in solid nitrogen observed by monitoniggxcitations of CQ molecules Ml in solid
nitrogen (CQ/N, ~ 1.3 x 1077): (a) frequency (triangle up, heating; triangle down, cooling); (b) bandwidth (triangle up, heating; triangle down,
cooling); vertical lines around the phase transitigp indicate the temperature interval for this hysteresis; (c) spectra recorded at 35.6 K just after
a temperature increase and 1.5 h later: the band due tarC@N; is decreased, which means that regiong-™, in the sample are growing.

increases the frequencies of thgCQO,) bands (Figure 8a) are The values of thé)Wy/dR for both CQ bands in thes-N;
shifted to lower values due to the thermal expansion of the N were close to the corresponding value for 0 a-nitrogen
matrix. We used eq 10 to describe the frequency temperature(see Table 4). This is strong evidence for the fact that the CO
dependency. Because the deviation of the hexagonal structurenolecules remain strictly localized in certain orientational
from an ideal hcp structure is very small at zero pressure in positions in the3-N; too, like ino-N2. For example, in the case
B-No, theRvalues used in the calculations (eq 10) were averaged of the N, vibron excitations the values of th#&) derivatives
corresponding to the formulg = 1.3292¥ma)Y/3, whereVmq for the a- ands-phases are different by a factor of more than
is the molar volume for thg-nitrogen?! The excellent agree- 4. Obviously, this is because tlephase is characterized by
ment between experimental values and the fit function (eq 10) an existence and thephase by an absence of the long-range

was achieved for both vibrational bands of £@ith the orientational order.

following parameters: The temperature-caused broadening of both Bahds in the
B-N3 is just the same below 42 K and becomes qualitatively

W,(35.64 K)= —6600+ 15 cm *, (OWY/OR)p—r(3s.64 k) = different at higher temperatures (Figure 8b). Whereas the low-

frequency band maintains almost the same increase in broaden-
ing in the whole temperature region (3580 K), the high-

_ —1 _ frequency one starts to increase very quickly at temperatures

W5(35.64 K)= —4030+ 15 cm ", (W5/0R)r-peas 64 1) = higher than 42 K. We observe a pure Lorentzian line shape for
—96093+ 864 cm tA™! both bands within the inaccuracy of the peak fit procedure near

theo—f phase transition and up to 42 K. At higher temperatures

for the low-frequency (index 1) and high-frequency (index 2) the contribution of a Gaussian broadening to this high-frequency
bands, respectively. peak bandwidth becomes nonnegligible and reaches about 60%

—815794+ 760 cm tA!
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Figure 8. Spectroscopic qualities of thg(CO;) vibration inS-nitrogen: (a) frequency (diamond, experiment; dotted line, calculation); (b) bandwidth
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open triangle down, cooling), high-frequency peak (open triangle up, heating; solid triangle down, cooling). In general, error bars are emaller tha
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of this bandwidth at 50 K (Figure 8b). It is interesting to note whereRy, is the distance between the centers of mass of the

that for the N vibrons in theS-nitrogen a qualitatively similar ~ guest molecule and the matrix particle on thth position in

but quantitatively smaller increase of the Gaussian contribution the host crystal and ¢ are the Euler angles of the guest

to the internal vibration bandwidth was observed in ref 23.  molecule’s axis relative to the hexagonal axis of the host crystal
The profile analysis of the two C{bands shows that the fit  structure ¢ = 0—x, ¢ = 0—27); rin is the distance between

parameters for a Lorentzian band shape of both, @@nds  jth atom of a guest moleculé € 1, 2, 3) and the center of
almost coincide and can be described by the same function ofmass of mth matrix molecule;ey and oy are the mixed
the temperature. Using eq 5, we fiBdepop= 0, Boeph = 5.32 Lennard-Jones potential parameters describing the interaction

+ 1 e, andwgepn = 87.5+ 5.2 cn* (dotted line in Figure  pepween théth atom of the guest molecule and the host crystal

?hb)'ghegre?juegfg E’f thetlgcalit)zed (;nogtedé%r) tg der‘]terrnine molecule ¥ indicates host crystal particles in general). These
€ Q. anaw orentzian broadening by depnasing pro- narameters can be obtained by usual combination tilesy.
cesses is just the same in both solid nitrogen phases. It is the x/_ andon = (o 4 /2. The distanceR, and
second indication of the librational character of the ,CO M — V€i€mm aNY0Im = (0 + owwm)/2.

orientational motion ing-nitrogen. rim may be described by the following formula:

The total intensity of twor3(CO,) bands is independent of . )
the temperature within the inaccuracy of the peak fit procedure, R = Roknm
whereas the intensity ratio of the low- and high-frequency bands Fim = Rol(k)® + (§)° — 25K (@7)]"* = Refy (12)
tends to decrease as the temperature increased: from about 3.1
near theo—p transition to 2.1 at 50 K (Figure 8c). These
intensity changes are accompanied by a decrease of the energ
splitting between the3(CO;) bands from 0.77 cmit at 35.6 K
to 0.57 cnm! at 50 K. These changes in the spectroscopic
characteristics of the GOnternal vibration bands are completely
reproducible by cooling and heating.

We assigned these two bands in our spectra of Mp @O

Here,Ry is the radius of the first coordination sphere of a host
grystal;c*o is the unit vector along the molecule axis, &=
R/Rn; & = di/Ry, d; is the distance from the center of mass to
theith atom within the guest moleculd; fnay have both positive
and negative signs corresponding toitiheatom position relative

to the vectorm). The ky value corresponds to the relative
BN, to two possible orientations of GAn A-N,. To explain distance petwegn the ce.nters of mass of the guest molecule and
the origin for these two kinds of orientational positions of MI Mth matrix particle and is completely determined by the host
CO, in the B-nitrogen we want to understand the situation in Crystal structure, whereas tfig value in addition depends on
general at first. Becausg-nitrogen possesses no long-range the & parameter as well as on the orientation of the guest
orientational order, we ignore the orientational degrees of Molecule in a matrix.

freedom of the matrix in our model analysis. This means that  On substituting (12) into (11) and summing over the whole
only the isotropic part of the gueshost intermolecular interac-  host crystal § ), we obtain the general formula for the guest

tion is taken into account. molecule potential energy
For the interaction potentiafym (g = guest, m= matrix)
between the triatomic linear guest molecule amil host crystal o\l (o8
particle, we used the force site interaction potential in the Vg=4zenv| = Zfim_lz_ zfim—e (13)
following form: . Ry Ry o
om|*?  [Tim|° In the case of the symmetric triatomic MI molecule, the guest
Vom(Rm0.¢) = Z4€iM o (1) molecule’s center of mass coincides with the central atom
m m

and eq 13 reads as follows:
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The ecm, gem @andeom, oom indicate the interaction parameters
of the matrix particleV with the central and outside atoms of
a guest molecule, respectively. The indicésll and d) mark

Vetter et al.

of both potential wellsq ~ 7/3 andf = 0) becomes comparable
(rd/Rop = 0.57, Figure 9 above).

The lastrdRy = 0.57 value is equal to the bond length/
intermolecular distance ratio in the case of the;@@lecules
trapped in thes-nitrogen: (e)co, = 2.3242 A3L R, = 4.078 A.
The potential barriers, corresponding to the ca#ie, = 0.57,
are high enough to localize the Ml GQnolecules in both
orientational positions in the Nmatrix (Figure 9 top, positions
1 and 2). Indeed, substituting, e.g., the intermolecular interaction
parametergoo, enon, giverP8into (13), we obtain the potential
barrier height values larger than 200 tin

Thus, we have an explanation for the two orientations of the
CO, molecules on substitutional sites N, that give rise to

the outside atoms located in the positive and negative directionsyyo pands in the IR spectra. On the contrary, CO molecules,

relative to the vectoi.

Because only the second term in ({18epends on the guest
molecule orientation, we will paraphrase this formula in a
dimensionless form suited to our analysis:

URw)
OOM 6
= z[ = (fidm + foam — (eom + f(—sd)m)]
6
M2 sl
o)z 3e]

OcM 6
ool
Oom 6
4*EoM —
fr

The functionU determines the orientational potential relief for

OCM

(14)

the guest molecule in a host crystal matrix and depends on the

& value € = d/Ry = rd(2Ry)) as well as on details of the host
crystal structure.

whose bond length/intermolecular distance ratio corresponds to
ro/Rop = 0.27, possess only one minimum of the potential energy
in 3-N2, generating one band in the absorption spectra. Recently,
similar results were obtained for some linear molecules trapped
in solid parahydrogen at helium temperatute3he authors
observed two kinds of bands for the g@nd NO molecules

and only one for the CO at the same conditions.

Next, we would like to make some considerations about the
intensity ratio of these two Ccomponents (Figure 8c) on the
basis of this model. The lower potential energy minimund at
~ m/3 is favored with respect to the higher minimumbat 0
and the occupation ratio for these two minima is proportional
to the Boltzmann factor multiplied by the ratio of the degeneracy
orders of these orientational positions (6 and 1 forhg ~
/3 andOnyin = 0 respectively):

nO~(13)) 6o r{— V,y(0=(/3)) — V,(6=0) -1 (15)

n(6=0) KT

Therefore, we obtain the following assignment of two ®@nds

The quantitative analysis of this potential relief was carried in the S-nitrogen: the low-frequency band corresponds to the
out by the symbolic computer algebra program Maple V Release orientational position afmin ~ 71/3 (position 1 in Figure 9 top)
5. The interaction of the guest molecule with 80 neighboring Whereas the high-frequency one to the orientational position at
N2 molecules located in the eight coordination spheres of the &min = 0 (position 2 in Figure 9, top).

hcp structure was taken into account. To calculatg/Ro)®

The second factor, which may influence the shape of the

the Lennard-Jones parameters of the oxygen atom and N potential relief for the guest molecule, is the difference between

molecule as well as the averagBglvalue of thes-N,'1 were
used; i.e. 000 = 2.88 A% oy, = 3.708 A8 andR, = 4.078

the real host crystal structure and an ideal hcp lattice character-
ized by the difference in the/a ratios. Since the deviations of

A. The results of our analysis are shown in Figure 9. It is very the c/a parameter in the purg-nitrogen from an ideal hcp
important to note that the numerical values of the coefficient Structure are very small (1.631L.636" compared to @a)igeal

(0oM/Ro)® in (14) ((6om/Ro)® = 0.276 in our case) influence the
numerical values ofU but do not affect the qualitative
conclusions drawn below.

Let us analyze the potential relief for the symmetric linear
molecule trapped in the ideal hcp matrig/g = «/8_/3) as a
function of the bond length/intermolecular distance ragi®,
(Figure 9, left side).

In the case of smalld/Ry values (/R = 0.2) the only kind

= +/8/3 ~ 1.633) they cannot affect the above-mentioned
results significantly. However, there is an additional effect due
to a local deformation of the matrix around the guest molecules
localized in two orientational positions. The deformation field
in a matrix reproduces the guest molecule’s shape. Therefore,
the c/a ratios in the deformed matrix area around the impurity
are qualitatively different for two the kinds of orientational
positions: the ¢a@)qer — (C/@)ia.ncp Value is positive for the

of orientational positions exists in hcp structure (Figure 9, left Orientational position a@ = 0 and negative in the case~
belOW) The poten“a' energy m|n|mum Corresponds to the angle .7'[/3 Because the matl’lX S defOI’ma'[IonS are malnly |0cal|zed n
9min ~ 7/3 relative to the normal to the closed-packed layers the first coordination sphere and decrease very fast for next

of the hexagonal host crystal structure and is 6-fold degener- Shells] we may model the local matrix deformation in our
ate: gmn = (/6)k (k = 0, 1, ...). Because these minima are calculations by introducing the deviation from the idgalvalue

very shallow Umax — Umin = 0.02), a guest molecule can be

for the first coordination sphere into (14). The results of such

localized in these positions at very low temperatures only. As modeling are shown in Figure 9 too (right side). The negative
the rJ/Ry value increases the potential relief becomes more deviation from the Idealc/a .Value cla = «/.8/3 — 0.02)
pronounced, the existing potential minima are weakly shifted pronounces the potential minima and maxima, whereas the

towardd = /2, and the new minimum in the guest molecule’s
potential energy appears t= 0 (the case of /Ry = 0.4 in
Figure 9). At the following increase af/R, values the depth

positive deviation ¢/a = v/8/3 + 0.02) flattens the potential
barriers. This kind of consideration shows that the shape of the
potential relief for the guest molecule is very sensitive to the
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Figure 9. Potential energy of the guest molecule as a function of the ratio between bond length and intermolecular distance (left part) as well as
the hcp lattice distortion (right part).

local deformation of a matrix around the impurity and, thev3(CQO,) band profile observed by Ewing and Shéhfpr
consequently, the deformation effects must be reflected in the CO, ultrafine particles in Ar gas at a GfAr dilution equal to
behavior of the spectroscopic characteristics of the guest1/600. According to the estimation of the auth#rshese
molecules, e.g., in the intensity ratio of the two bands in hcp ultrafine CQ particles consisted out of about 200 £0
structure. molecules. Therefore, we associated this band in Figure 10a
This model can now be exploited to explain the unusual with small CQ clusters in nitrogen. The spectral changes in
broadening of one of they(CO,) components iff-N,. Because the band shape of CQluster in the liquid and gaseous nitrogen
of the shallower potential well at = 0 the librational motion in comparison to solid nitrogen may be caused by cluster
of the CQ molecules occupying these orientational positions coagulation at high temperatures.
is characterized by a larger amplitude in comparison to the This assignment above is also confirmed by the observation
molecules localized dmin ~ /3. The larger amplitude in the  of the additional absorption (bandwidt2—4 cn?) for 13C160,
positiond = 0 for CG; in 5-N; causes stronger fluctuations of  isotopes at about 2282.8 cm(10.9 K). This band remains
the local crystal field due to either the anharmonicity of the practically invariant in the whole temperature region from 11
librational motion or due to the rotatioratiranslational coupling to 90 K (Figure 10b), whereas the sharp peak for 0O,
of the molecule in the deformed matrix cage. Consequently, molecules trapped in the-N, showed clear dependence on the

the high-frequency band, assigned to the,@®Osition atf = temperature (Figure 10b, peak with *). Therefore, we assigned
0, must possess a stronger Gaussian broadening at highethe relatively broad band €4 cnml) to an absorption by the
temperatures, as it does (Figure 8b). 13CO, molecules trapped in the clusters of about 28600,

3.4. CO; Clusters in the Solid Nitrogen In the samples molecules.
with 75 ppm of CQ we observe a broad feature (widttb0 The position and bandwidth of thiSCO, isotope band are
cm1) in the range of thevs fundamental mode of2C160, consistent with spectra dfCO, as natural contamination in

(Figure 10a). The sharp peak corresponding ta/#fexcitations bulk CO, crystaf®3738as well as in CQ clusters3®4! Since

of the CQ molecules matrix isolated in solid nitrogen is located the frequency of this isotope band € lying at 2280.6 cm!

at the top of this broad band. Whereas this sharp peak clearlyin amorphous Cg¥° and at 2282.6 crit in crystalline CQ,2°
reacted on the temperature changes as well as omthe we may conclude that our GCclusters possess crystalline
transition in solid nitrogen, the broad band remains insensitive quality.

to any changes in the nitrogen matrix behavior up to 90 K. At  The detailed analysis of the isotop€0, band profile shows
such high temperatures-90 K) only some changes in the shape that this band in fact consists of two bands marked by “M” and
of this broad band are observed. The shape of this band, at'D” in Figure 10b. The intensity ratibp/l\ of these two bands
temperatures corresponding to a gaseogds\very similar to ranges between 6.4 1072 and 7.5x 102 and shows no
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Figure 10. Spectra in the’3(CO;) region of CQ clusters in nitrogen
(75 ppm of CQin N,) at different temperatures: (a) ffiCO; clusters,
peak * due to matrix-isolatet?CO; in Ny; (b) for 13CO, molecules in
12CO; clusters (M, monomer; D, dimer), peak * due to matrix-isolated
13C()z in Nz.

Figure 11. Combination bands of C{xlusters in nitrogen (75 ppm
of CO, in Ny) at several temperatures.

of CO;, clusters formed in a free jet expanstdthat even CQ@
clusters consisting of 90 molecules possess cubic bulk structure.

marked dependence on temperature. This value for the intensity! & cOmparison of they(*CO,) band shape in our spectra with

ratio Ip/ly is close to a numerical value (0.11) describing the the speptrosr_:opic results in refs 40 and 43 and the t_heoretical
ratio of pair to single impurities of 1% impurities in an fcc lattice calculations in ref 43 shows that the small crystalline,CO
with stochastic distributio® Therefore, we suggest the fol-  clusters were well separated from each other in our nitrogen
lowing assignment (Figure 10b): peaks M and D correspond Matrix. . .
to the 13C160, monomer (oné3Ci%0, molecule is surrounded The existence of the CQrrystalline clusters in the samples
by 1212CO, molecules) and to th¥C160, dimer (one'3C!¢0, ,dOped, W'th 75 ppm of Coallows us to now explqln why th?
molecule is surrounded by £2CO, and 113C160, molecules) intensities of the Ml C@bapds were just the same in both series
in 12CO, clusters, respectively. Since the theoretical value (0.11) ©f our samples (low and high concentration of £;®oth type
and our experimental value (0.06.07) differ quite substan-  ©f samples were slowly grown from the liquid phase at
tially, we may think about two possible explanations: either equmbnum conditions. We interpret this specific result as a
the calculation® are not completely valid for mesoscopic Stong evidence for the fact that @Qnolecules do not
systems or the absorption coefficients of a monomer and a dimerPractically dissolve in condensed nitrogen phases. The thermo-
of the 13C0O; in a 12CO, matrix are slightly different. Qynamlc equilibrium solubility limit for the C@in solid nitrogen
The last important observation was that the combi?e®d, lies at about (or less) 1 ppm of G@ N due to our results.
bands (2, + v3 andv; + v3) appeared as relative sharp features
in our spectra (Figure 11). These glkands are also insensitive
to thea—p transition in solid nitrogen. The centers of gravity We have used the matrix-isolated technique to render
of these bands correspond to 3599.6 and 3708.1'@n10.9 fundamental information on the host crystal as well as on the
K for the 2, + v3 andv; + v3 CO;, excitations, respectively. Ml species. We carefully investigated theal matrix-isolated
The 2, + v3 band shows practically no temperature dependence cases (the impurity/matrix ratio was less tharr®dor CO,
in the temperature region from 11 to 52 K, whereasitheé v3 and CO molecules in solid nitrogen at the equilibrium vapor
is slightly shifted toward lower frequencies as the temperature pressure by high-resolution Fourier transform infrared spec-
increased (approximately 0.1 cA#0 K). The frequency values  troscopy between 10 and 100 K. Our absorption spectra, as a
of both bands agree very well with spectra of crystalline function of temperature and two concentrations of,Q©ONj,
C0,.38740 in the mid-IR region were assigned to vibrations and their
The sharp character of the isotopf€0, (Figure 10b) band overtones of CO and CQand their isotopes. Our analysis of
and the?CO, combined bands (Figure 11) as well as the good these spectra exploited the bandwidth, band maximum, and band
agreement in frequencies of these absorption spectra with theshape as a function of temperature and concentration.
ones of crystalline C®provide convincing proof that the GO On the basis of the precise analysis of the bandwidth of Ml
clusters observed by us in the nitrogen doped with 75 ppm of species we discovered for the first time the temperature-caused
CO; had a crystalline structure like in bulk GOrhis statement ~ Gaussian contribution to the MI species bandwidth broadening.
agrees with the result of investigations by electron diffraction The modeling of the experimental temperature dependence of

4, Conclusion
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