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Mid-infrared spectra of solutions in liquid argon, krypton, and xenon of methyl nitrite, which occurs as a
mixture of cis and trans conformers, have been investigated. In liquid argon and in liquid krypton at temperatures
below 150 K, the rate of conformational equilibration is found to be negligible, while at temperatures above
160 K in liquid krypton, and in liquid xenon, the equilibration is near-instantaneous. The standard enthalpy
difference AH® between the conformers in liquid krypton was measured in the-265 K interval to be
3.02(9) kd mot?, with the cis as the more stable conformer. Starting from solutions containing nonequilibrium
populations of the conformers, the conformational equilibration was studied as a function of time at five
different temperatures between 150 and 160 K in liquid krypton. From these kinetic data, the extinction
coefficient ratios for thev; andvg conformational doublets have been determined to be 1.2(2) and 4.8(8),
respectively. The extinction coefficient ratio feg was combined with the value fagkH° to yield the value

of 5.1(2) J K* mol™! for the standard conformational entropy different®. The kinetic data have also

been used to calculate the enthalpy and entropy of activation for the interconversion from trans to cis conformer,
and were found to be 44.0(14) kJ mbland 16(9) J K mol™?, respectively. The results are discussed in
light of literature data and in light of perturbation Monte Carlo calculations on solvation enthalpy and entropy.

Introduction velocity is negligible with respect to the time required to record
an infrared spectrum; the other in which the equilibration is
virtually instantaneous on the same time séalé® It has been
observed that when conventional infrared spectroscopy is used
as a detection technique, the time scale requires that the barrier
to interconversion of the conformers must be relatively Kfgh.
The barrier separating the cis and trans conformers in methyl
nitrite falls in this category, its activation enthalpy being 48 kJ
mol~1in the vapor phase, as determined by NMR spectroséopy.
Using this value, and assuming that the preexponential factor
A of the Arrhenius equation falls in the range betweeh a0d

10" s71, it is easy to show that at temperatures in the interval
between 140 and 180 K relaxation times result that comply with
the requirements of the proposed technique. This temperature
range is covered by cryospectroscopy, in which liquid rare gases
are used as a solvetft.In this study we have investigated
solutions in liquid argon, krypton, and xenon, and it was found
that kinetic measurements could indeed be performed in liquid
krypton. These measurements have yielded extinction ratios for
two conformational doublets. The conformational entropy
derived using them, and using the conformational enthalpy
differenceAH® measured in the same solvent, agrees with the
literature datd:*® The kinetic measurements were also used to
d:alculate the enthalpy and entropy of activation. The results of
all this will be discussed in the next paragraphs.

In this study we report on infrared spectra of methyl nitrite
dissolved in the liquid rare gases argon, krypton, and xenon.
The conformational characteristics of this compound have been
studied many times, using various techniques. Most of the older
vibrational and rotational literature has been previously re-
viewed!? Considerable information has also been obtained from
NMR spectroscopy, ! and a survey of the recent literature
shows that the interest in the physical chemistry of methyl nitrite
has not waned 19 These studies prove that in the fluid phases
methyl nitrite occurs as a mixture of cis and trans conformers.
The thermodynamic parametersH°®, AS’, and AG® of the
conformer equilibrium in the vapor phase and in several solvents
have been measured®+ 131t is well-known that the vibrational
spectroscopic determination of the entropy differeA® in
solution is difficult when the conformers are at equilibrig®?!

As a consequence, the literatuneS® values obtained with
infrared spectroscopy are limited to the vapor pHéasthey
have been measured either directly in that phase or indirectly,
using matrix isolation techniques, in which it was assumed that
the population ratios observed in the matrixes are determined
by temperature of the nozzle through which methyl nitrite vapors
were deposited in the matriXIn the present study we explicitly
address the infrared spectroscopic determination of the standar
entropy differenceAS’ in solution.

When infrared spectroscopy is used, the ratio of the extinction
coefficients of a conformational doublet in the spectrum must
be known ifAS’ is to be calculate@® Methods to measure this The sample of methyl nitrite was prepared by mixing
ratio have been proposed and have been reviewed by A. l.equivalent amounts of methanol and nitrosyl chloride at
Fishman et a#2-25 Of the proposed methods, only two turn out temperatures below-20 °C, and was purified using a low-
to give reliable results. In a first methétithe kinetics of the temperature, low-pressure fractionation column. The solvent
conformer equilibration must be investigated, while in the gases, argon, krypton, and xenon, were obtained from L’Air
second method spectral measurements must be performed irLiquide and had stated purities of 99.9999, 99.998, and
two temperature intervals: one in which the equilibration 99.995%, respectively.

Experimental Section
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All infrared spectra were recorded using a Bruker IFS 66v lyans  AH° €irang
spectrometer equipped with a globar source, a Ge/KBr beam AS' =R{In4—+F —In— 1)
splitter and a liquid N-cooled broad-band MCT detector. The cs cis
interferograms, recorded at a resolution of 0.5 &mwere where AS’ and AH® are the standard entropy and enthalpy
averaged over 200 scans, Blackmann-Harris apodized, anddifferences between the conformekgs andlyansare the band
Fourier transformed using a zero filling factor of 8. areas of a cis and a trans band in the infrared spectrum,

Infrared spectra of solutions in liquid rare gases were recorded fespectively, ands andeyansare the corresponding extinction
in two different cells. The kinetic measurements were made coefficients. From this equation it is clear that the calculation
between 150 and 160 K. At these temperatures the vaporof AS requires the value @frandecis. Here we follow the method
pressure of ||qU|d krypton (LKr) varies between' approximate|y, devised by A. |. Fishman et é?,in which the ratio is derived
6 and 10 bar. Therefore, these measurements were made in gom kinetic measurements, i.e., from measurements in which
standard 4 cm brass cell that is designed for use at pressures ufh€e equilibration of a nonequilibrium distribution of the
to 15 bar6 The solutions in liquid argon and liquid xenon were conformers is followed as a function of time. These authors
made in the same cell. The determination of the standard Propose to prepare a nonequilibrium solution in the following
enthalpy differenceAH° in LKr requires measurements at Way. In the first step, the compound is crystallized on a metal
temperatures above 160 K. The upper limit used in LKr was mesh. In general, the crystallization ensures that only a single
205 K, close to the critical point (209.39 K) of LKr, at which ~ conformer is present in the solid. The metal mesh is subse-
the saturated vapor pressure reaches 48 bar. It follows that thesguently immersed in the solvent, typically liquid propane, cooled
measurements had to be made in a high-pressure stainless ste&) @ temperature at which the rate of interconversion of the
cell. This cell had a path length of 7 cm. Both cells had wedged conformers is negligible. The latter condition ensures that at
silicon windows. The cells were filled and evacuated using a the outset the solution contains only the conformer which was
pressure manifold using procedures described béfore. present in the solid. The solution is then warmed to the

Solvation Gibbs energies were obtained from Monte Carlo t€mperature at which the equilibration can be followed spec-
perturbation calculations, using a modified version of BOSS troscopically. Besides involving complex manipulations in a
4.128 All simulations were run in the NPT ensemble, using Cryogenic environment, this method is not indicated for methyl
standard procedures including a cubic box and periodic boundarynitrite, because crystallization tends to produce an uncontrollable
conditions. The system consisted of one solute molecule Mixture of both conformers. Therefore, we have adopted a
surrounded by 256 solvent atoms. For all simulations, the Simpler procedure, in which room-temperature vapors of the
Metropolis sampling was augmented by preferential samffling €ompound are rapidly frozen into the observation cell, which
in which the probability of attempting to move a solvent atoms Was cooled to a temperature well below the freezing point of
was made proportional to X+ c), wherer is the solute- methyl nitrite. The experience is that in the resulting amorphous
solvent distance. The constanwas fixed at 250 A which solid the relative conformer population is close to the room
causes the solvent atoms nearest the solute to be moved twicdémperature vapor phase equilibrium distribution, which can be
as often as the most distant solvent atoms. An attempt to move@nticipated to be far from the low-temperature equilibrium
the solute molecule was made on every 50th configuration, anddistribution in solution. After the compound is frozen in, the
a change in volume was tried on every 600th configuration. Solventis condensed into the cell, at the same low temperatures,
The ranges for the attempted moves were the same in eactfllowing the compound to be dissolved. Finally, as in Fishman’'s
solvent, and provided &40% acceptance probability for new ~Procedure, the cell is warmed to a temperature at which the
configurations. equ!llbr_atlon can be followed spectr(_)s_gopmally. _

The path fromi = 0 (pure krypton) tol = 1 (a solution K!qetlc_ Measureme_nts._ The possibility of following the
with one solute molecule) was completed in 32 steps, each steptauilibration was studied in three solvents, argon, krypton, and
corresponding roughly ta/ = 0.0312. Advantage was taken X€non. In each solvent, solutlon§ were prepare.d.contalnlng
of double-wide sampliri that permits obtaining two Gibbs ~ PProximately 1x 10~% mole fraction of methyl nitrite, and
energy changes at each step, i.e., that between the referenci® solutions were studied in a standard 4 cm brass cell, in a
system at which the simulation is performed= o) and two temperature mtervgl limited on the high-frequency side by the
perturbed systems with= /o + A1. Each step consisted of an tempergtqre at Whlch the vapor pressure reached 15'bar, the
equilibrition phase of 10.6 10° configurations, followed by a ~ UPPer limit for this type of cell. In this way, the available
production phase of 30.&c 10° configurations. The Gibbs temperatures for the_dlfferent sol\{ents oyerlap, so that the
energy changes between perturbed and reference systems werduilibration was studied in the continuous interval between 90
always small enoughkT) to guarantee reliable results by the and 230 K. For each solvent, the spectrum was measured at

statistical perturbation theory. A single determinatiom\g§G, several temperatures. For each spectrum, band areas were
involving all necessary steps froh = 0 to 4 = 1, took determined for thes (1670 (trans)/1615 (cis) cm) andvg (838

approximately 22 h on a dual processor 800 MHz Pentium Il (cis)/807 (trans) cmt)! conformer doublets, using Voigt profile
computer running Redhat Linux 6.2. least-squares band fitting of the experimental contours. For the

To extract the enthalpy of solvatiofisoH and the entropy Cﬁmp'?te tefmrg)er;;\tuze intervalfir;] Lgr, tﬁtween 99 a':jd 120K,
of solvation A«S in LKr, the free energy of solvatiomsoG the ratios of the band areas of the doublets remained constant,

was calculated at 12 different temperatures between 124 and&gnqlmg .that no pqpulatlon relaxation occurred. For the
179 K, at a pressure of 26.4 bar, i.e., the vapor pressure of LKr _solut|ons_ in LXe, StUd'_ed betvv_een 165 "’!”d 230 K, the cha_n_ges
at 179 K31 in the ratios were consistent with a near-instantaneous equilibra-
tion of the conformer distribution. At temperatures below 150
K in LKr, no changes in the ratios were observed. Just above
150 K irreversible changes started to occur, indicating that
Preparation of Nonequilibrium Solutions. For the cis/trans relaxation took place, while at temperatures above 160 K, the
conformer equilibrium of methyl nitrite Van't Hoff’s isochore  equilibration was found to be fast on the time scale of the
can be written using Beer’s law as: spectroscopic experiment. These observations are in agreement

Results
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Figure 1. The vg region of the infrared spectra of methyl nitrite
disolved in LKr, at 152 K, during an equilibration experiment. For the
top six traces, time increases from top to bottom, the top trace giving
the first recorded spectrum, the sixth trace giving the last. The spectra | | |
have been shifted vertically for clarity. The lower trace is the difference 8000 ———— — — *
0 5000 10000 15000

between the last and the first spectra.
. - . . Time / seconds
with Fhe anticipated temperature Intervg!. St?rtmg from & fresh Figure 2. Time evolution of the band areas of thedoublet of methyl
s_oluthn for each temperature, the equilibration was studied atnitrite during equilibration experiments. The upper panel gives the
five different temperatures between 149.5 and 158.4 K, bY penavior of the 1670 cni trans band during experiments performed
recording spectra with a time interval varying between 2 (higher at the indicated temperatures; the lower panel gives the evolution of
temperatures) and 10 min (lower temperatures). the cis band.
As an example, in Figer1 a few of the spectra recorded
during an experiment at 152 K are shown as a function of time, cls
the series starting with the top spectrum. The conformational 23000 24000 25000
relaxation is particularly clear from the lower trace, which gives
the difference between the last and the first spectra of the series. 28000
It can be seen that during the experiment the cis band at 838 T=1495K
cm~1increases in intensity, while the trans band at 807 tm 1
decreases, it being clear that the increase of the cis band intensity
is much smaller than the decrease of the intensity of the trans

l
&
!

trans - 1

band. Because the measurements were made at constant total ~ 2*°°° |~ ]
concentration, this shows there is a significant difference

between the extinction coefficients of the bands. Figure 2 reports I |
some of the results obtained for the band areas. The upper panel 50000

gives the time evolution of the trans componentvgfat two

different temperatures, and the lower panel gives the behavior

of the corresponding cis band area. The rapid decrease of the

relaxation time with increasing temperature is obvious. 24000
Determination of Extinction Ratios. For isothermal mea-

surements at a constant total concentrat@rthe following Tirans

relation between the band areas is easily derffed:

T=1584K

20000

€t
Itrans= _( rans)Icis + EtranJC (2)

cis

in which| is the path length of the cell. Because of the dilution
of the solutions studied, it is unlikely that the relaxation affects 16000

the extinction coefficients. Hence, this relation predicts that : ' ' ; : '
varies linearly withlyans With the slope given by the ratio of 14300 15000 15500 Teis
the extinction coefﬂugnts. The linearity is illustrated in Flgure Figure 3. Plots of the band area of thg trans band of methyl nitrite

3 for thewvg doublgt, using the spectra recorded at two different \ersus that of the cis band during equilibration experiments performed
temperatures. A linear regression was performed using the dateyt the indicated temperatures.

obtained forvz and vg at the five different temperatures, and

the average slopesandecis were found to be 1.2(2) for thes Enthalpy Difference. The calculation oAS’ further requires
doublet and 4.8(8) for theg doublet. a value for the standard enthalpy differerdd®. This quantity
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T T T A second method to determin®S’® has been proposed by
Fishman et a#3-25 In this method, spectra must be recorded
- from a solution with constant total concentration, in two different
intervals of temperature. In the first interval the rate of
interconversion of the conformers must be negligible, so that
the temperature dependence of the band area reflects the
— temperature dependence of the extinction coefficient of that
band. In the cases discusg&t?® this relation is linear and the
regression is used to determine the extrapolated band area at a
temperaturdl in the second temperature interval, in which the
conformers are in equilibrium. Combined with the observed
| l L band area at that temperatufe the value of AS’ can be
0.0058 0.0060 0.0062 7 calculated, as shown by the relations derived by Fishman et
Figure 4. Van't Hoff plot for the determination of the enthalpy al.2 In principle, our measuremepts on methyl nitrite ir} LKr
differenceAH° between the trans and cis conformers of methyl nitrite @ré amenable to such an analysis because, as was said above,
disolved in liquid krypton. The band areas were taken fromithe  at temperatures below 150 K the rate of interconversion rapidly
conformational doublet. becomes negligibly small. The assumption of constant molar
concentration across the two temperature ranges will not strictly
has been determined in other environméftbut to avoid hold for solution in LKr, in view of the significant thermal
eventual solvent effects on it, we have determined its value in expansion of the solvent, but the equations can be modified to
the same solvent liquid krypton as used to measure the extinctiontake this into account. However, the analysis failed because of
ratios. To this end, measurements were performed between 165he slow decomposition of methyl nitrite in the high-pressure
and 205 K, in the temperature interval in which the cis/trans stainless steel cell, so that the assumption of a constant total
interconversion is fast on the time scale of the infrared concentration was not justified. Therefore, this analysis could
experiment. As said before, these measurements had to benot be further pursued. It is interesting to note that a slight
performed in a high-pressure stainless steel cell. In contrast withdecomposition of the compound when in contact with stainless
measurements in the brass cell, in contact with stainless steel steel was observed befote.
slow decomposition of the compound was observed. The Transition State Parameters. The kinetic data discussed
decomposition products gave rise to weak bands in the-4600 above have also been used to derive the thermodynamic
1850 cn1! range. Their frequencies suggest they are due@N  characteristics of the transition state. In the first step, the kinetic
and NO,.32 The slow decrease of the total concentration is of data were least-squares fitted to a relation of the form
no consequence for a Van't Hoff analysis of the conformational
doublet, but particularly the 1631 cthN,03 band was found () = 1.(ea) + o exp(=p1) ©)
to cause problems in the band fitting of thedoublet, so that
the resulting band areas were judged to be insufficiently reliable.
The identified impurities cause no bands in the 8800 cn1?
region, and, consistent with this, no impurity bands were
detected in this region. ThereforAH° was determined using
the vg doublet. The Van't Hoff graph resulting from plotting
the logarithm of the band area ratigndlis against 1T is shown
in Figure 4. The value oAH® obtained from the slope of the
regression line equals 3.02(9) kJ mblthe cis conformer being

In(Tyrapg/Teis)

0.1

0.0

in which I4(t) is the area of a band of conformer “a” at tirhe
Io(eq) is the corresponding band area at equilibrium, @acd
p are constants.

Because the enthalpy difference between the cis and trans
conformers is relatively small, at temperatures where the
interconversion from the less stable trans to the cis conformer
can be followed spectroscopically, the interconversion in the
opposite direction, from cis to trans, cannot be neglected. In
such a case, the kinetic experiments are governed by a relation

more stable. of the form given in eq 3, in whicl# has the valu&
Entropy Difference. It is easily shown that, as a variation
of eq 1, the intercept of the regression line of the Van't Hoff B =k(T) + k(T) (4)
plot equalsAS’/R — In(eyandecis). In principle, extinction
coefficient ratios may depend on the temperatdfé. The wherek. andk; are the interconversion rates, at temperafyre

experimental values ofyandecis have been determined in the from cis to trans, and from trans to cis, respectively.
temperature interval between 150 and 158 K, with an average Transition state theory allows the Arrhenius equation for a
of 154 K, a value slightly lower than the average temperature rate constank(T) to be written a%'

of the interval used for the measurementAdl®, 185 K. The T

intercept is valid at the latter temperature, and in order to pbtain k(T) = k'; eXp(ATS°/R) exp(—ATH.°/RT) (5)

the correct value folAS®, the value of Inyandecis) at this h :

temperature should be used. Linear regression otghdecis . . o R R
values obtained at the five temperatures of the kinetic measure-" which ATH;* is the standard enthalpy of activation anth

ments, using temperature as the abscissa, results in a smalf® the standard entropy of activation, for conformetising

nonzero, positive slope. Its uncertainty, however, equals twice '.[hls expression, the rattie(T)/k(T) of the interconversion rates

its value, so that the result is not statistically meaningfull. Is obtained as
Therefore, for the calculation &S’, no temperature correction k(T)

was applied to INrandeci)- = exp[(A'S® — A'S°)/R exp[-(ATH — ATHP)/RT]
The intercepb of the regression line in Figure 4 is calculated k(™) (6)
to be 2.18(4), and using the value @findecis derived above,
the standard entropy differenéeS’ is found to be 5.1(2) J K Because both interconversions proceed via the same activated

mol~2. complex, the difference in standard activation entropies in eq 6
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TABLE 1: Trans —Cis Transition Ratesk; for Methyl
Nitrite Disolved in Liquid Krypton

ke x 10%/s1
T/IK V3 Vg
149.5 1.84(4) 1.96(4)
151.9 3.31(8) 3.42(8)
154.2 5.35(13) 5.88(23)
156.4 9.09(24) 9.54(23)
158.4 14.83(38) 15.02(38)

equals the standard entropy difference between the confor-

mers:

A'S° — A'ge = AS (7)

Similarly, the difference between the standard activation
enthalpies equals the standard enthalpy difference between th
conformers:

A'He — ATH? = AH° ®)

Therefore, eq 6 can be written as

k(M

kM =exp AS’/R) exp(—AH°/RT) = exp(—AG°/RT) =p

9)
The quantitiesAS® and AH® have been obtained above, so
that the ratiqp can be calculated. With this, eq 3 can be written
for the behavior of a trans band as

I(t) = 1(eq)+ a exp[—k(1 + p)t] (10)

van der Veken and Herrebout
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Figure 5. Arrhenius plot for the determination of the enthalpy and
entropy of activation of the trans conformer of methyl nitrite.

Salues of 1.2(2) and 4.8(8), respectively. The environments in
which the two sets have been obtained do not differ greatly, so
the results should be similar. Yet, fofz the values differ
considerably. A critical evaluation of the method employed by
Bodenbinder et a® suggests that their ratios may be less
accurate for several reasons. In the first place there is the total
concentration of CEDNO in the matrix which must be known

to derive the ratio. It was measured by preparing matrixes from
gas phase mixtures of GANO and Sik with known relative
concentrations and using the gibands as internal standards.
Because SiFFis much more volatile than G®ONO, it cannot

be excluded that SiHs deposited less completely, so that the
concentration ratio is affected by the deposition process. Second,
some decomposition of methyl nitrite was obser{édshich,

as discussed above, may be due to the contact gOCID with

the stainless steel nozzle system used to deposit the matrixes:

Thus, the exponential regression curves through the experimentahlso this affects the SIFCH;ONO concentration ratio. Finally,

kinetic points describing the time evolution of the band area of
a trans band can be used to obtkiat different temperatures.
From this,ATS° and ATH,° can be calculated using eq 5.

The values ok; have been derived starting from band areas
of the trans component of; and vg. Both sets have been

the reported resolutidf used to record the spectra is 1 T
which may be insufficient to produce reliable band areas for
the very sharp bands that appear in the matrix spectra. These
factors do not influence our measurements, which, therefore,
we believe to be more accurate.

collected in Table 1. It can be seen that the agreement between | s the general experience with cryosolutions that relative

the sets is good. The Arrhenius plot of the combinedhii{(
(ksT)] versus 1T is given in Figure 5. The linear regression
line yields a value of 44.0(14) kJ mdl for ATH and of
—16(9) J K1 mol~ for ATS°.

Discussion

Numerical values obtained in this study for extinction
coefficient ratios, standard enthalpy and entropy difference
between the conformers, and activation enthalpy and entropy,
have been collected in Table 2, in which also the relevant
literature data on these quantities are given.

Extinction Coefficient Ratios. Extinction coefficient ratios
erand€cis for vz and vg have been reported by Bodenbinder et

infrared intensities are approximately preserved at the gas-to-
liquid transition3® Assuming this is the case for methyl nitrite,
our experimental extinction ratios can be compared with the
ratios of ab initio infrared intensities calculated for a single
molecule, i.e., for the dilute gas phase. Although the absolute
values of theoretical intensities do not always have the desired
accuracy, it appears justified to assume that the ratio of
intensities of the same vibrational mode in two conformers of
the same compound is predicted with acceptable accuracy. Ab
initio intensities for methyl nitrite, at the MP2 level, have been
published by Da Silva et &t for basis sets varying from 6-31G

to 6-31H+G**. The values obtained from the different basis
sets are rather similar and give an average trans/cis intensity

al.*® as measured in argon matrixes. The values obtained areratio of 1.3 forvz and 4.3 forvs. In this study we have expanded

1.04 forvz and 3.3 forvg, which have to be compared with our

the available data to include DFT results, calculated using

TABLE 2: Trans/Cis Extinction Ratios ( eyans/€cis) for vz and vg, Standard Enthalpy Difference, AH® (in kJ mol 1),

Standard Entropy Difference, AS°® (in J K~ mol™?), Activation Ent
(in J K= mol~1), for Methyl Nitrite

halpy A™H.° (in kJ mol~1), and Activation Entropy, A'S°

environment €rand€cis(V3) €rand€cis(Vs) AH° AS ATHe ATS°
liquid kryptor? 1.2(2) 4.8(8) 3.02(9) 5.1(2) 44.0(14) —16(9)
vapor phase 1.02 3.5(2)3 8.5(10}° 47.9(17% —6.0(17%
neat liquid 3.13(4 51.0(9¥ 9.1(10%
1%in CS 50.0(11% 5.8(12)
Ar matrix 1.043 3.38

aThis study.
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Gaussian 98% at the B3LYP level, using the basis sets of Da TABLE 3: Solvation Entropies and Enthalpies for the
Silva et al.14 expanded with the basis sets aug-cc-PVDZ and Conformers of Methyl Nitrite in Liquid Krypton, and
aug-cc-PVTZ. Fows the calculated ratio ranges from 1.34 to [S)?flr\é?ggge?ﬂuences on Standard Entropy and Enthalpy
1.54, with an average of 1.4, while fog the ratio varies between

4.99 and 5.64, with an average of 5.4. Fgrour experimental conformer AsoSJ K™+ mol™ AsoH/kJ morf™t

value of 1.2(1) is closer to the MP2 result, while fay our trans —84.5(11) —30.23(24)

value falls between the MP2 and DFT values, albeit somewhat cis —82.6(16) —29.82(16)
AAS —1.9(16)

closer to the average MP2 value. Altogether it is clear that the
predicted ratios confirm the experimental trends, i.e., that the
ratio for vz is close to 1, while it is significantly higher fors.
There is little doubt that this is connected with the nature of
the modes involved, as reflected from their potential energy
distribtutions®”.1.14for v3 the latter are nearly identical in cis
and trans, while forvg the contributions of they(N—O),
v(C—0), »(N=0), andy(CHj3) internal coordinates in cis differ
greatly from those in the trans conformer. The potential energy
distributions strongly differ, and it is not surprising that the trans
extinction coefficient forvg differs markedly from that for the
cis conformer.

Entropy Difference. The entropy differencé\S’ between
the conformers has been investigated using NMR spectroscopy
and infrared spectroscopy,and has been calculated using
statistical thermodynamicd8.The values obtained refer either
to the vapor phase or to solutions. For the vapor phase a

average experimental value of 8.5(10) J'Kmol! was ) . :
derive%,13 thFr)e individual values ran(gin)g from 6.9(35) to results. The experimental value obtained above is 5.1(2)1 K

9.7(10) J KX molL, while values in solution range from 7.4(10) mol~1. Despite the limited temperature interval used to obtain
(1% in CS) to 8 3’(10) J K1 mol1 (1% in acetones).4 the Van't Hoff regression line, the uncertainty on this value is
The important entropy difference between trans and cis relatively small, which is a consequence of the high linearity

conformers has been attribtuted to be mainly due to the methyl of th? experimental Po"‘ts in the Van't Hoff plot. The
torsion, which is quasi-free in the trans, but is hindered by a experimentaAS® value is somewhat smaller than the predicted

barrier of some 9.5 kJ mot in the cis conformet? value, but the uncertainty limits of both values overlap consider-
The above data suggest that in solution A is somewhat ably, which means that the agreement may be considered to be

smaller than in the vapor phase. This aspect was more C|Ose|yacceptable. . .
investigated by calculating the Gibbs energy of solvatingG, Enthz_alpy Difference. Table 3 also shows that the solvation
for the conformers in LKr, using Monte Carlo Perturbation enthalpies for the conformers are nearly equal, so that the solvent
calculationg®-41 The calculations were made with the BOSS  influience AAH® on AH® is limited to a decrease by 0.4(3) kJ
4.1 progran?® The solvation enthalpies and entropies were .rnolfl.. This near can'cellatlon re§ults, just as for the entropies,
extracted from the Gibbs energies using a finite difference IN @n important relative uncertainty.
method similar to the one decribed by Levy etft3 Combining their own results with the available literature data,
To accurately describe the solvation of polar species in Bodenbinder et & arrive at an average vapor phasel® of
liquefied rare gases, solutsolvent polarization effects must ~ 3-5(2) kJ mot™. Applying the above solvent correction, théi®
be explicitly accounted for. Therefore, the intermolecular in LKr is predicted to be 3.1(4) kJ mol. Our experimental
interactions were modeled by a combination of Lennard-Jones value of 3.02(9) kJ mof is in excellent agreement with this
and polarization terms. A Lennard-Jones function was used for Prediction. The lowering oAH® is in line with the NMR resullts
each pair of atoms. The parameters of these functions were takerPf Chauvel et al?,who report a vapor phastH® of 4.17(21)
from the OPLS all-atom potential functiofsThe standard ~ kJ mol, and values of 3.42(1), 3.6(2), 3.4(2), and 3.5(3) kJ
BOSS 4.1 program does not allow to take into account mol~1 for the neat liquid and for solutions in acetodg-carbon
polarization contributions. Therefore, additional code was added disulfide, andn-pentane, respectively, the value for the neat
to the program, in which the polarization energy between the liquid being corroborated by the Raman result of 3.14(4) kJ
solute and a nearby rare gas atom is calculated using amol~tt
noniterative first-order approximatic:¢ Transition State Parameters. Finally, there remains the
comparison of the transition state paramet&fsl;> and ATS°
that have been obtained in this study with the results from NMR
spectroscopy.The data have been collected in Table 2. In the
NMR study,ATH° is found to be 47.9(17) kJ miol in the vapor
whereasoventrefers to the polarizability of the rare gas studiéd,  phase, and slightly higher in the neat liquid, 51.0(9) kJThol
andE is the electric field generated by the solute. This field and in solution in carbon disulfide, 50.0(11) kJ mblThe
was calculated from a charge model of the molecule. The higher values in the liquid phase are explafhby the larger
Coulomb charges, located on the nuclei, were optimized using molar volume of the transition state, due to the free internal
Gaussian 9% so as to reproduce the dipole moment and the rotation around the NO bond. This model suggests that in
electric field around the molecule. The calculations were made LKr the ATH° should also be higher than in the vapor phase.
at the B3LYP/6-311++G(d,p) level. However, theA™Hy° in LKr is smaller, by 3.9 kJ mot. It
The calculated solvation entropidsySand enthalpiedgoH follows that the vapor phase value is too high, that the value
are collected in Table 3. It can be seen that the introduction of for LKr is too low, or both. TheATS® value for LKr, —16(9)

AAH® —0.4(3)

methyl nitrite into LKr reduces the entropy of the combined
system by more than 80 JXmol~1, with the decrease for the
trans conformer slightly bigger than that for the cis conformer.
The difference may be attributed to the extended conformation
of the trans and to its slightly higher dipole moméhtoth
factors favoring a slightly stronger solvation than for the cis
conformer. The net solvation influencAAS’, on AS is a
decrease of the vapor phase value by 1.9(16) 3 rdol1. It
can be seen in Table 3 that the solvation entropies for the
individual conformers were obtained with small relative uncer-
tainties. However, because the two contributions nearly cancel,
a considerable uncertainty gdAS® results.
Starting from the average vapor phas® of Bodenbinder

net al.}® 8.5(10) J K mol~1, and applying the Monte Carlo

correction, a value of 6.6(19) J® mol™! for AS in LKr

1. = 1 = —
Epol = Euind'E == Easolven(E' E) (11)
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J K1 mol™1, has the same sign as for the vapor phase,

—6(2) J K’ mol1, but the reported values in the liquid phdses
have the opposite sign. This suggests that®i%° may have
the wrong sign. A higher slope of the Arrhenius plot resulting
in a higher value folA'S°, an erroneous sign ak'S° might

be due to the fact that the LKr value fa&v'H,° is somewhat

low. That, on the other hand, the vapor phase NMR value
probably is too high can be seen as follows. From their vapor

phase results, Chauvel et?aerive the potential governing the
internal rotation around the NO bond. The transcis barrier
in their potential equals 4141 crh and the torsional funda-
mentals in this potential are calculated at 296 ¢€rfior the cis
conformer and 229 cnt for the trans conformét. These

van der Veken and Herrebout

(16) Fernandez-Ramos, A.; Martinez-Nunez, E.; Rios, M. A.; Rodriguez-
Otero, J.; Vazquez, S. A.; Estevez, C. BMl.Am. Chem. S0d998 120,
7594.

(17) Martinez-Nunez, E.; Vazquez, S. A. Chem. Phys1998 109,
8907.

(18) Engert, J. M.; Dick, BChem. Phys. Letfl999 299 423.

(19) Gutsev, G. L.; Jena, P.; Bartlett, R.JJ.Chem. Phys1999 110,

(20) Braun, H.; Litke, W.J. Mol. Struct.1975 28, 415.

(21) Braun, H.; Litke, W.J. Mol. Struct.1975 28, 391.

(22) Fishman, A. |.; Remizov, A. B.; Stolov, A. &Zh. Prikl. Spektrosk.
1984 40, 604.

(23) Fishman, A. I.; Stolov, A. A.; Remizov, A. BSpectrochim. Acta
A 1985 41A 505.

(24) Fishman, A. I., Stolov, A. A.; Remizov, A. BSpectrochim. Acta
A 1993 49A 1435.

(25) Fishman, A. |.; Remizov, A. B.; Stolov, A. Al. Mol. Struct.1999

fundamentals have since then been observed in the vapor phas@so—481 203

far-infrared spectra, at 247 and 213 Tmrespectivel\?. The
trans—cis barrier derived from these frequencies is 3507%m
lower by 634 cm?, or 7.6 kJ mot?, than the NMR value. This
means that the vapor phase NMR value A6H;° could be too

(26) Van der Veken, B. J. Ihow-temperature molecular spectroscopy
Fausto, R., Ed.; Kluwer Academic Publishers: Dordrecht, 1996; p 371.
(27) Van der Veken, B. J.; De Munck, F. BR. Chem. Physl1992 97,

(28) Jorgensen, W. LBOSS 4.1; Yale University: New Haven, CT,

high by the same amount. Correcting the vapor phase value1999.

with this results in a value of 40.3 kJ m@] which is 3.7 kJ
mol~! lower than the LKr value. This correction brings the vapor
phase value in line with the expected increasé\&fi° at the
vapor-solution transition.
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