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Matrix Isolation and Density Functional Theory Study of Bis(trifluoromethyl)dioxodiazine:
A Photodimer of Trifluoronitrosomethane
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Trifluoronitrosomethane (GNO) was trapped in rare gas matrixes and irradiated at 633 and 670 nm. The
infrared spectra of the postirradiation samples exhibit features consistentiséind trans conformers of
bis(trifluoromethyl)dioxodiazine, a previously uncharacterized species. The concentration dependence of the
formation of the dimer is consistent with a mechanism in which monomers trapped in adjacent sites undergo
excitation and subsequent reaction. The dimers reversibly form the monomer when irradiated with ultraviolet
light. Density functional theory was used to determine the structure of the dimers and predict their infrared
and Raman spectra. The predicted vibrational frequencies are in agreement with those observed. A third
(skewed) conformation was predicted to have a triplet ground state, but no evidence of this species was
observed. All three dimers exhibit significant diradical character, as evidenced by comparatively-liw N
and high N-O stretching frequencies. Transition-state calculations predict the dimerization barrier to range
from 17.1 €is) to 35.0 frans) kJ mol* for the singlet dimers and to be 62.1 kJ midlor the triplet dimer.

This is an example of nitroso dimerization tlratjuireselectronic excitation to proceed.

Introduction to the monomer. Irradiation of the dilute matrixes leads to the
production of proximity radicals, where the photolytically
produced CFis perturbed by neighboring intact moleculés.
Recent work in this group includes laser irradiation of
CRsNO adsorbed on thin films of condensed inert gases, which
was conducted as a followup to attempted laser photolysis on
alkali-metal halide surfacé$.The overlayer studies indicated
the presence of a photoproduct produced as a result of laser
(A =633 and 670 nm) irradiation of GNO, whereas the alkali-
metal halide surfaces completely quenchegBotochemistry
in the molecule. The photoproduct did not possess the same
characteristics of th&l-nitritoamine reported by Masdi. To
characterize the photoproduct, a series of matrix isolation
experiments were performed. In this paper we report the results
of visible laser irradiation of C4NO in the condensed phase at
low temperatures; the reaction progress was monitored through
infrared spectroscopy. The infrared spectrum and observed
apparent guantum efficiencies are consistent with the formation
of dioxodiazine dimers, and agree with the vibrational spectra
predicted by density functional calculations. This is the first

The dimerization ofC-nitroso compounds has been studied
for over 100 year$.Most of the C-nitroso compounds that
dimerize form diazene dioxide products, the result of NN
connection of the monomeric specfedttempts to form the
traditional dimer from trifluoronitrosomethane (gNO) have
not been successféil; yielding insteadD-nitrosobis(trifluoro-
methyl)hydroxylamine ((C§,NONO). Recent kinetic studies
of the photolysis of CENO have also shown this to be the cése:
photolytically produced Cgradicals react with nearby GNO
molecules, and the resulting (§ENO reacts with NO. The
instability of the diazene dioxide (GRO), dimer has been
attributed to the electron-withdrawing ability of the trifluoro-
methyl moiety?°

The matrix-isolated C#NO molecule has been studied via a
variety of spectroscopic techniques. Goodman and Brus ob-
served the excitation and emission spectra of the molecule
trapped in a nitrogen matrix, attributing a broad emission to
dimeric and polymeric species with radiative lifetimes of 257
and 78 ns, respectively, compared to the 344 ns monomer ; > .
lifetime (285 ns in neon)? Bozlee and Nibler followed the e_xample ofg nltrqso.compound found to dimerezelusvely
excited-state relaxation using fluorescence and photoacousticv'a electronic excitation.
spectroscopy: The infrared spectrum of the molecule in  gyperimental Section
matrixes was obtained by Demuth and co-workérand later ) ) ) )
by Clemitshaw and Sodead&These were in agreement with The _equment for these experiments has be(_an described in
the gas-phase spectra observed by Mason and Dundéralate =~ @ Previous papet’ The CENO for these experiments was
later by Shurvell and co-worket& The infrared studies yielded ~ ©btained from SCM Corp. Specialty Chemicals, Gainesville, FL.
no evidence of dimers or higher polymers in matrixes, but the A trifluoronitromethane impurity £5%) was noted by the
condensed-phase Raman studies performed by Shurvell et amanufacturer, and observed in the infrared spectra. The argon,

resulted in source-produced peaks that could not be assigned@*Y9en, and nitrogen were JWS Technologies PP grade gases.
The krypton and xenon were research grade (listed as 99.998%

*To whom correspondence should be addressed. E-mail: pure) and were obtained from Matheson Gas Products. All gases
CAB302@scranton.edu. were used without any further purification. The mixing ratios
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line. The gas mixture was introduced into the cryostat through
a thin nickel inlet tube, which allowed the gas to be projected
directly onto the internal KBr window when the shroud is 173
situated such that the window is facing the inlet. The geometry
of the windows around the inlet allowed irradiation during
deposition, either through the internal window (irradiating the
matrix as well as the incoming gas) or between the window
and the inlet tube (without irradiating the matrix). The system
base pressure wasl x 1076 Torr.

All infrared spectra (32 or 100 coadded scans at Itm
resolution) were obtained on a Mattson Galaxy 5022 Fourier |
transform infrared spectrometer with a DTGS detector. A 100 I 1000 .
background spectrum (32 or 100 coadded scans at 1' cm
resolution) was acquired at a temperature of 20 K prior to 44
deposition of the matrix. Matrixes were deposited at 20 K and wavenumber (cm”)
the flow was adjusted to maintain a pressure range of(0.4 Figure 1. Difference spectra for GINO in argon at dilutions (R:M)
2.0) x 1075 Torr. Spectra were acquired immediately following of 1:73 and 1:530. These spectra are the result of subtracting the
deposition, as well as before and after each photolysis incrementpreirradiation spectrum from postirradiation spectra (633 nm at

Once the matrix had been deposited, irradiation was per- 20~24 K for 2 h). Positive peaks correspond to photolytic products;

j . oo . negative peaks correspond to species lost as a result of irradiation.

formed. The samples were irradiated with light from a Uniphase
1335 10 mW helium/neon laser (633 nm) or an Imatronic LDL TABLE 1: Peaks (Frequencies, cm?) Observed after Visible
175 3 mW diode laser (670 nm). The low laser power will Irradiation of Matrix-Isolated CF 3NO

0.30

1:530

absorbance

0.10

1=

minimize the degree to which multiphoton processes occur. UV 5140 krypton xenon nitrogen oxygen
irradiation was provided by the unfiltered output of a Beckman, 2846 2853 2858
Inc. 71701 deuterium lamp. Laser power was determined with ;434 1431 1429
a Metrologic 45-540 power meter, calibrated for use at 633 nm. 1426 1427 1427
The initial experimental temperature was set at 12 K. The 1357 1357 1354 1359 1358
temperature was then increased over the course of each 1302 1316
procedurei 6 K increments. Thus, at each temperature, an i%é 1267 1265 1267 1268
initial spectrum was obtained; irradiation occurred for-60 1165
120 min, another spectrum was obtained, and the temperature 1153 1145 1146 1150 1148
was reset to a higher temperature until the particular matrix 1117 1112 1111 1114 1112
showed signs of instability. The high concentration of solute in 1095 1091 1090 1094 1092
some of these matrixes led to deviations from the expected 977 982 976 980 981
matrix degradation temperatures (roughly half of the normal 79 750
melting point temperature of the pure matrix g&s). 746 746 745 747 747
For each matrix gas there were several experiments conducted 709 709 709 709 709

at various concentrations. The concentrations;(FRG) for . . s

the Ar matrix were 1:30, 1:73, 1:530, and 1:4000, those for O | N€ Peaks grow in proportionately, indicating that they belong
were 1:62 and 1:470. those for Kr were 1:41. 1:400. and 1:2800.t0 @ single (or multiple, but stoichiometrically related) species.
those for N were 1:57, 1:392, and 1:1900, and that for Xe was 1he CRNO: impurity shows little variation under visible
1:49. For one of the concentrated argon matrix experiments andifradiation. -

the xenon matrix experiment, the sample was kept in the dark & do not observe spectra characteristic of JeNONO,

for periods of several hours to determine the stability of the NOr do we observe products of the fragmentation of the parent
photoproducts at these temperatures. compound. Annealing or UV irradiation did not change any of

the photoproduct peaks differently from the others. Since the
IR spectrum of the photoproduct did not resemble that of the
(CF3):,NONO isolated by Masoh; we sought other possible
Infrared Spectra and Photochemistry. The spectrum of  structures to account for the spectral features. The complete lack
matrix-isolated CENO was in agreement with the gas-phdse of observable fragmentation products such as NOg CF
and matrix?*3 values reported elsewhere. There is very little (CF;),NO, or (CR):NONO led us to conclude that the product
variation of peak shape and position from experiment to does not arise from photolytic cleavage of the-IT bond in
experiment, although some broadening is observed in matrixesthe parent compound. Visible irradiation directly above the
having dilution ratios of less than 1:100. window surface during deposition, which would result in
Upon visible irradiation, new peaks are observed and the excitation of the CENO in flight immediately prior to conden-
original CRNO peaks exhibit reduced absorption. Figure 1 sation, did not yield observable levels of product.
shows the results (as a difference spectrum) of irradiation at  Figure 2 shows the rate with which the integrated absorbances
633 nm. The preirradiation spectrum was subtracted from the of the peak at 1357 cm varies with the matrix dilution,
postirradiation spectrum, giving a resultant spectrum indicating normalized for initial parent population and laser power. The
any gains in the spectrum as a result of photolysis as positiveincrease in the absorbance of the photoproduct peak at
peaks and losses as negative peaks. The parent species lodt357 cnt! was divided by the duration of irradiation, and the
during photolysis will exhibit negative peaks, while the product amount of incoming 633 nm radiation absorbed by the parent
species will exhibit positive peaks. Table 1 is a cumulative list (based on the preirradiation height of the 1595 timeak). All
of the observed postirradiation peaks. The matrix material has measurements depicted were made between 12 and 14 K. The
little effect on the vibrational frequencies of the photoproduct. line in the figure depicts the maximum observed rate (for all

Results
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Figure 2. Rate of initial photoproduct production at 633 nm as a Figure 4. DFT structure oftrans-bis(trifluoromethyl)dioxodiazine.
function of CENO dilution. Distances are given in picometers.

2.00 stray visible or NIR light from the source or the alignment laser.

J VU Under these conditions, all photoproduct peaks retained their
absorbances over a period exceeding 10 h. When the xenon
c matrix was warmed above 40 K, some gradual loss was noted,
but this was accompanied by a comparable loss of the parent
JUL\A\JM U peaks, indicating the degradation of the matrix. The visible
r photoproduct appears to be a stable species, and not a transient
B intermediate.
The infrared spectrum of the monomer in our previous
\U studied® on the surfaces of condensed rare gases and in
__/UQA/ U overlayers on alkali-metal halide films is identical to that of
A \\\‘L’JL\ the “glassy liquid” phase observed by Shurvell and co-workers.
The infrared spectrum of the matrix photoproduct is nearly
1400 1000 600 identical to that of the surface photoproduct above. Thus, we
wavenumber (cm") may infer that the source-induced peaks Shurvell et al. observed
Figure 3. UV depletion of photoproducts in an argon matrix growing into their Raman spectra belong to the same species
(CRNO:M = 1:73). Spectrum A was acquired after irradiation during  that is observed in our infrared spectra. The most prominent of
matrix deposition. Spectrum B was acquired after 120 min of 633 nm e soyrce-induced peaks observed by Shurvell & ial.the
iradiation at 24 K. Spectrum C was acquired after 88 min of UV o spectrum of the glassy liquid was located at 1518 .cm
irradiation at 12 K. . .

Since we see no evidence of a peak at 1515%¢me assume
matrixes in this study) attenuated by the probability of another that it belongs to a centrosymmetric photoproduct and, given
monomer molecule inhabiting an adjacent site. It is clear from its frequency, attribute it to a symmetric=hN or N=0 stretch.
Figure 2 that the product is formed more readily in concentrated Shurvell et al. also observed other unassigned peaks in the
matrixes. At the highest dilutions, approaching true matrix Raman spectra at 1122, 334, and 134 &rbut these were all
isolation conditions, the photoproduct levels are barely discern- much weaker than the very intense 1515 émeak.
ible. The concentration dependence indicates that the product Density Functional Theory. Dimers. The above led us to
arises from interactions between adjacent parent molecules. Itconsider the possibility that the photoproducts arediseand
is also apparent that the rate of production is not significantly transconformers of a dioxodiazine, the structure exhibited by
slower in an @ matrix than in another matrix of comparable many C-nitroso dimers; thus, we fit the spectrum to that for
dilution. The effect of laser flux on dimer production is cis- andtransbis(trifluoromethyl)dioxodiazine. Density func-
approximately linear. tional theory (UB3LYP/6-311G(2d)) was used to calculate

After visible irradiation, the system was irradiated with the structure and vibrational spectrum of such a ditA@ue
unfiltered ultraviolet light for times ranging from 30 to 90 min.  to apparent diradical character in the dimer, it was necessary to
The result of the process is the visible product species mix HOMO and LUMO wave functions to achieve SCF
disappeared, indicated by the loss of all corresponding absorb-stability!® Three distinct bound dimers (depicted in Figures
ances in the IR spectra, and upon this destruction, no new4—6) were found:transandcis (both possessinG, symmetry)
absorbances were observed. Figure 3 shows the results of onand a skewed,) triplet. Ordinarily, one would expect theans
such irradiation sequence (preirradiation, after visible irradiation, dimer to possesS,, symmetry and theis dimerC,, symmetry,
and after UV irradiation). It is important to note that no new but the trifluoromethyl group orientations reduce the symmetry
species are observed as the result of UV irradiation of a matrix (slightly in thetrans case, more significantly in thas). All of
containing the visible photoproduct. In this figure, the tops of these are predicted to have energies within 30 kJ fnafl the
the peaks belonging to the parent species were chopped for scalground-state energies of the separated monomers, but only the
purposes. trans dimer is predicted to be stable relative to the separated

The stability of the visible photoproduct was monitored by monomers. The low energy of the triplet dimer is reflective of
observing the spectrum over time at several temperatures. Asthe diradical nature of the dimers. The NN bonds range from
noted previously, the cryostat was kept in the dark throughout 133.5 pm for théransrotamer to 150.1 pm for theis rotamer.
this period: the entire apparatus was shrouded with black cloth The bond length for the skewed triplet is predicted to be
in a darkened room, and the IR beam was blocked to avoid 145.8 pm. These values are longer than those observed in

absorbance
o
o

0.00
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Figure 5. DFT structure of cis-bis(trifluoromethyl)dioxodiazine.

A . S Figure 7. Transition species fdrans-bis(trifluoromethyl)dioxodiazine.
Distances are given in picometers.

Distances are given in picometers. The displacement vectors represent
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Figure 6. DFT structure of triplet bis(trifluoromethyl)dioxodiazine. #=1.051D

Distances are given in picometers. . -, . e . .
9 P Figure 8. Transition species faris-bis(trifluoromethyl)dioxodiazine.

. . . . Distances are given in picometers. The displacement vectors represent
previously characterized nitroso dimers, such asg{@®).. The the motions corresponding to the reaction coordinate.
harmonic vibrational frequencies for these dimers were calcu-
lated and scaled by a factor of 0.997, which was derived using that they would not be present in appreciable amounts in the
the method of Scott and Radétfrom comparison with the  gas phase, but arise in the matrix when neighboring matrix sites
known matrix values for a selected group of compounds of are occupied by the monomer.
interest in this study. A complete list of structural parameters  Transition Speciegransition-state calculatioffavere carried
and energies (electronic energy plus scaled zero-point energylout to determine the dimerization barrier for the three dimers.
for the dimers and the ground and lowest triplet states for the viprational calculations were performed for each of the
monomer may be found in the Supporting Information. The predicted transition species. The structural parameters of the
scaled DFT vibrations and intensities for the dimers are three transition species (depicted in Figure®y may be found
presented in Table 2. in the Supporting Information. It is noteworthy that the lowest
The Raman scattering activities (Table 2) were also calculated energy transition species is that for this rotamer, 17.1 kJ
for the dimers. Théransdimer should exhibit intense scattering mol~! above the separated monomers and 6.5 kJ hrafbove
at 1512, 1024, and 783 crh(due to the symmetric NO stretch,  the cis dimer.
NN stretch, and symmetric CN stretch, respectively). €ise Excited StatesTime-dependent DFT (UTD-B3LYP/6-311
dimer should exhibit intense scattering at 1416 and 1403'cm  G(2d)? studies were performed for each of the dimer species
(due to the symmetric and asymmetric NO stretches, respec-to determine the nature of the states to which the dimers were
tively). The triplet dimer should have only one vibration with  excited. For each dimer, the calculations predict a favorable
appreciable Raman activity: that of the symmetric CN stretch transition (large oscillator strength) from the ground state (at
at 758 cnt, its calculated geometry) to an excited state with a transition
van der Waals DimersOptimized geometries for van der energy accessible in the UV. For this dimer, a transition is
Waals dimers of the molecule were obtained (B3LYP/6-BG1 predicted to occur at 352 nrii€ 0.046), for theransdimer at
(2d), without mixing): four singlets (twdrans and two cis) 292 nm { = 0.168), and for the triplet at 269 nni € 0.010)
within 2 kJ mol™ of the separated monomers and three triplets and 207 nm f(= 0.032). Attempts to optimize (UCIS/6-31
(two cis and one skewed) within 2 kJ mdlof the separatedoS G(dT)@*the geometries of the excited states of the dimers were
+ T1 monomer pair. Counterpoise calculations indicate that the unsuccessful, with each optimization following an ever-increas-
basis set superposition error may be on the order of 1.7 kJ ing NN bond length, indicating that UV excitation of the dimers
mol~! for the van der Waals speciésStructural parameters, is to dissociative states, leading to monomer formation. The
vibrational frequencies, and energies for these may be found inS—S; transition is only slightly shifted for the van der Waals
the Supporting Information. The vibrational frequency shifts are dimers, and the oscillator strengths for these transitions are
predicted to occur, in most cases, within the line widths of our largely unaffected by complexation.
infrared features, and would not be observed in our spectra. Figure 10 shows the energies (including scaled zero-point
The small binding energies predicted for these dimers indicate energies) of the various dimers and transition species relative
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TABLE 2: DFT (B3LYP/6-311+G(2d)) Vibrational Frequencies (cnT?) and Infrared (km mol ~1) and Raman (A amu™?)
Intensities for (CF3NO);

trans (CRNO), cis (CRNO), triplet (CRNO),

vibration v IR Raman v IR Raman v IR Raman
NN stretch 1024 0 17 891 15 8 988 1 3
NO stretch 1512 0 19 1416 167 27 1368 34 6
NO stretch 1359 515 0 1403 3 13 1364 3 9
CF stretch 1271 371 0 1260 239 2 1252 62 1
CF stretch 1265 0 1 1231 532 1 1250 506 1
CF stretch 1233 644 0 1213 148 1 1206 505 2
CF stretch 1215 0 2 1207 352 0 1186 65 0
CF stretch 1118 0 2 1134 232 1 1159 35 0
CF stretch 1069 690 0 1125 350 4 1151 567 0
CN stretch 853 5 0 935 106 0 899 82 0
CN stretch 783 0 18 744 6 8 758 5 17
CF; deformation 723 0 3 729 83 1 716 101 0
CF; deformation 703 72 0 644 1 2 661 9 4
CF; deformation 601 2 0 624 12 2 635 1 3
CF; deformation 593 0 1 589 6 2 579 2 0
CF; deformation 541 12 0 557 3 2 572 7 0
CF; deformation 532 0 2 489 7 2 506 1 6
CNO bend 464 0 0 486 3 0 499 1 0
CNO bend 440 2 0 441 1 1 442 4 1
CNO bend 418 2 0 436 0 4 432 0 2
CNO bend 375 0 5 362 1 6 344 6 1
CFRsrock 359 13 0 342 6 2 323 0 3
CFRsrock 330 0 1 278 1 1 301 0 6
CFRsrock 243 7 0 259 3 3 246 2 0
CFRs rock 229 0 1 252 3 1 211 0 1
ONCR; rock 220 0 3 180 2 2 148 1 2
ONCF; rock 158 1 0 159 0 2 129 1 0
NN torsion 102 0 3 89 1 1 46 0 0
CRs torsion 61 0 0 24 0 0 35 0 0
CRstorsion 50 1 0 15 0 0 27 0 0

TABLE 3: Vibrational Assignment for (CF sNO), and triplet) will occur in regions that may be obscured by the

parent compound’s CF and CN stretches ang d&fformations.

frequency (cm?) ) )
We predict no intense Raman feature at 1122 %rbut two

Ar_Kr Xe N O assignment moderately intense peaks are expected at 1125 and 1118 cm
2846 2853 2858 2 (asymmetric NO stretcluis) (cisandtrans respectively) in a region that is between observed
1431 1426 1427 L 2;1?1 1429 asymmetric NO streeth, monomer Raman peaks at 1172 and 1057 ‘crn additional
1357 1357 1354 1359 1358 asymmetric NO streticns unassigned and unreported Raman peak was observed (on the
1302 1316 University of Queensland instruméftat 1044 cml, which
1271 1267 1267 1268 CF stret¢hans may be assigned to the NN stretch of ttians dimer. The
1264 1265 CF stretclejs vibrations may be assigned to one or another of the singlet
ﬁgg SE ﬁﬁgﬁﬁgﬁ dimers; no peak unique to the triplet dimer was observed in
1153 1145 1146 1150 1148 CF stretcls any of the experiments.
1117 1112 1111 1114 1112 CF stretcls, Formation Efficiency. To elucidate the kinetics of the
1095 1091 1090 1094 1092 CF strettlans production of the visible photoproduct, the apparent quantum
977 982 976 980 981 asymmetric CN stretis, efficiency was determined as a function of irradiation time. The
746 746 7774?5 747 750 Cgﬁfg%fnrgtsionpis beam f_rom the_ laser was _broadened using_a glass lens so that
the entire matrix was irradiated evenly. The intensity (W-&m

747

709 709 709 709 709 Grleformationtrans of the radiation was determined using the laser power meter,

which had been factory calibrated for use at 633 nm. These

to separated singlet and triplet monomers. Included in this figure studies were performed in a dark laboratory, with the FTIR beam
are the energies of other possible species that may contributeblocked whenever spectra were not being acquired, so that the
to the observed spectra: MO, and (CE),NO. Preliminary incident radiation was the only source of photoproduct.
calculations indicate that the nitritoamine compounds are at The apparent efficiency is a measure of the amount of visible
much lower energies than the separated monomers. Structurephotoproduct produced as a function of the amount of 633 nm
for these may be found in ref 25. light absorbed by the monomer. The gas-phase extinction
Vibrational Assignment. The assignment of the visible coefficients, in combination with the infrared absorbance, were
photoproduct peaks may be found in Table 3. The observedused to calculate visible absorbances. Thus
features agree with those predicted in the DFT study. Further-
more, there is agreement among the predicted Raman features AAa
and those observed by Shurvell effalThe 1515 cm?! peak D= Ao
observed in their Raman studies may be assigned to the te;lo(1 — 10 7))

symmetric NO stretch of th&ans dimer, which would have
been formed as a result of the Raman source irradiation of thebecomes the equation used in these calculations, wheis
condensed monomer. The remaining Raman peaisq cis, the infrared absorbance of the particular dimer barttie area

)
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ZONNO =48 Figure 11. Apparent quantum efficiency (calculated using eq 1) for
ZONNC =113.0 dimer formation in argon (JNO:M = 1:30) as a function of irradiation
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4=0.800D that these dimers have lesslelocalization than is observed in

Figure 9. Transition species for triplet bis(trifluoromethyl)dioxodiazine.  the typical dimer, such as (GNO),. Consequently, a greater
Distances are given in picometers. The displacement vectors representiegree of electron density is present in the NO bonds, which is
the motions corresponding to the reaction coordinate. reflected in a shortening of the NO bond to}2¥26 pm. Only
one of the three dimers, thinsconformer, exhibits the planar

symmetry common to most other nitroso dimers. The other two
200 T:s‘ conformers, each with significant diradical character, are
T,+CF, +NO puckered at the nitrogen. Thués conformer has its NO bonds
—_ aligned, but the carbons are well out of the ONNO plane.
Su-a'S1 . . . .
- A measure of the propensity of nitroso compounds to dimerize
_ So+ CF3 +NO has been found in the length of the NO bond in the mondier.
2 o0 Rt A convenient proxy for this has been the NO stretching
3 v frequency. Dimerization has been shown to occur for those
3 -_ molecules having NO stretching frequencies between 1480 and
g Se+Ty Tyvaw Ts_"iple‘ _ 1590 cnt?, corresponding to bond lengths of 119223.0 pm.
TStrans e tplet The frequency for CJNO is just above the upper cutoff, and
04 - - TSe T while the NO stretching frequency for the; Species was
So*So o vdW determined to be 1446 crh the bond length was determined
to be 120 pn#e within the dimerization window on the bond
NO + (CFaNO length scale. DFT optimization of_the triplet monomer yields a
NO bond length of 122.1 pm, while a CIS optimization of the
-100 excited singlet state yields a length of 118.0 pm. Since the

Figure 10. Energy level diagram for the GRO + CFRNO system. rationale for the use of the NO bond length in predicting
The sum of the electronic and scaled zero-point energies was calculateddimerization comes from the sensitivity of the NO bond to the
for each species, and expressed relative to that of the separated grounds|ectron-withdrawing effects of the substituent, we see no reason
state monomers. The details of the calculations may be found in the ;5 avoid a cautious extension of this rule to the excited-state
text surface.

An examination of the Mulliken charge distributions in the
monomer and dimers yields some insight into the unusual nature
of the dimerization of this molecule. The oxygen atoms in the
trans dimer are 0.2 @ more negative than they are in the
monomer. Glaser et al. note identical levels of charge redistribu-
tion in their natural atomic charge calculations of the dimer-
ization of CHbNO.2 We find this change to be less dramatic in
She cis or triplet dimer, where the oxygen atoms each gain no
more than 0.1 eof negative charge upon dimerization. A slight
reduction in charge on the nitrogen atoms is noted fotridues
dimer, less so for theis and triplet. The nitrogen of the excited-
state monomer is more negative than that of the ground state.
This is to be expected given thesh transition leading to the
excited state. Thus, it may be that, to get sufficient charge at
the nitrogen atoms to drive the dimerization, charge must first
be withdrawn from the oxygen atoms via an electronic excita-
tion. Of course, this is another way of saying that the highest
occupied dimer orbitals correlate with unoccupied orbitals of
the separated monomers.

Monomer Excited States.An electron energy loss spectros-

Structures of the Dimers.The predicted NN stretch frequen-  copy (EELS) study by Walker places the lowest triplet state at
cies for the dimers (1024 and 891 cinfor trans and cis, 1.1 eV (106 kJ mol?).2° The EEL spectrum probes the excited-
respectively, 988 cni for the triplet) are all well below the  state energy at the ground-state geometry, so the zero level
expected range. These indicate that the NN bond in each ofenergy of the triplet state will be lower than 106 kJ miol
these dimers is best described as a single bond. This impliesperhaps substantially so, given that the ground state is in an

(cm?) of the substrate window in the infrared beamthe
duration of the irradiation period (s); the extinction coefficient

for the particular infrared band (éhmol™), I, the intensity of

the incident radiation (einsteins, A, the absorbance of the
sample at the wavelength of irradiation, alyd the absorbance

of the monomer band. The extinction coefficients for the
monomer were assumed to be identical to the gas-phase value
in both the visiblé* and infrared® The derivation of this
equation and the values for the monomer extinction coefficients
may be found in ref 16. The extinction coefficients for each of
the dimer bands (1357 and 1430 chhwere determined by
multiplying the 1595 cm! parent extinction coefficient by the
ratio of the gain in product (1357 or 1430 cH) absorbance to
the loss of parent (1595 cr) absorbance. Figure 11 depicts
the behavior of the apparent quantum efficiencies in these
experiments. The apparent efficiency begins at a low level and
decreases over the course of the visible irradiation.

Discussion
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eclipsed conformation, while the triplet is predicted to be ina  Other photoproduct structures could possibly satisfy the
staggered conformation, as is the first excited singlet state. Theconditions imposed by the observed bands in the infrared
time-dependent DFT calculation for the monomer predicts the spectra. A number of diazine compounds, including isomers of
transition from the ground state tq ® occur at 691 nm, with FsCO—N=N—OCF;, may be envisioned as possible stable
an oscillator strength of 2 1074, in good agreement with the  products. DFT calculations do not predict peaks in the £350
experimental values of Gordon and co-workers, who report the 1430 cnt? range for any of these. Furthermore, UV photolysis
So—S: origin at 728 nm {= 2 x 104,28 and Dyet and co-  would not lead back to GINO: rather ECO and NF» (or NF)
workers, who report the origin at 718 nih. would be the expected UV photoproducts. Another energetically
van der Waals Dimers.The van der Waals dimers predicted feasible product would be the aforementioned {@¥ONO.
by the DFT calculations are all weakly bound, and their infrared This species also has an energy well below that of the separated
spectra are expected to show little deviation from the monomer monomers, yet is completely absent from any of the spectra,
values. As a result, it should be difficult to locate IR evidence save those which were irradiated during deposition. This and
of van der Waals species in spectra of 1-émesolution in our the lack of other fragmentation products CRO, (CF;)2NO,
relatively concentrated matrixes. Spectra acquired at higher CR,O, or FNO) lead us to conclude that the pathway is one
resolution in dilute matrixes may yield evidence of these dimers. which does not involve fragmentation as a first step. There has
The “site effects” described by Clemitshaw and Sodeau (argon, been no evidence of ground-state dimerization in any of the
R:M = 1:10000, 0.5 cm resolution) may include one or more  supersonic molecular beam studies of this mole&#é35

of these dimers? The bis(trifluoromethyl) nitroxide ((C§,NO) radical is often
Formation of the Dimers. The energies of the transition  found as the result of inadvertent ambient light photolysis of
species for the dimerization processes indicate that the dimer-CrNO-containing sample®.The gas-phase infrared spectrum
ization should not occur spontaneously. For all three dimers, of this compound has been obtained by Blackley and Reirfiard,
the dimerization pathway involves swings of as much &si20 with peaks at 1395, 1290, 1230, 995, and 728 £rfihese peaks
the ONNO dihedral angle. Large variations (sometimes unco- are close to those of the observed photoproducts, but assignment
ordinated) in the FCNO dihedral angle were also observed. of the observed spectrum to the matrix-isolated radical would
Regular variation in the NO bond length was observed as the require a large matrix-induced shift that also is insensitive to
NN distance was decreased: the NO bond lengthens from 119the nature of the matrix material. While one may find reason
to 125 pm as the singlet dimers are formed. Once the o pelieve that the NO stretch may be sensitive enough to be
dimerization threshold is crossed, the subunit geometries areghijfted strongly by the matrix, this would lead to the expectation
coordinated. Similar effects are noted for the triplet dimerization. that the change in matrix from argon to xenon, krypton, nitrogen,
This is an example of a non-least-motion pathway, which has and oxygen should also have a dramatic effect on the frequency
been shown to represent the mode of dimerization for nitro- of this vibration. We do not observe the NO (or (NDjhat
somethane (CHNO) "% It should be noted that the most stable  ould also appear as a result of the nitroxide formation. Blackley
dimer rans) has the largest barrier to dimerization (37 k™ol and Reinhard note that the radical dimerizes in GREGlution
difference between the van der Waals dimers and the transitionas the temperature is lowered, with an abrupt decrease in radical

species), while theis (19 kJ mof?) and triplet (10 kJ mot?) concentration and solidification of the solution at 113 K. They
dimers have smaller, though not negligible, barriers. The g not report an infrared spectrum of that dimer.

existence of a nonnegligible barrier to triplet dimerization also
indicates that dimerization occurs on a surface at a higher level

of excitation than § + T.. The low laser fluence in these These then react sequentially, with @ENO as an intermediate,

experiments makes it unlikely that (:!|mer|.zat|on results from with an intact monomer unit to form (GENONOE If the parent
nearest neighbor monomers both excited simultaneously, or that

. . . - . molecule leaves the excited state during the time required for
a single monomer is doubly excited. One possible mechanism

lacing the molecules on one of these surfaces would be afragmentation (measured in the gas phase to be 40 ns at
placing 633 nm and 200 ns at 670 Afjy then this reaction will be
collision-induced process

guenched. In the previous matrix experiments, the dilution of
hy the monomer was such that the nascent fragments recombined
S+SH— S +S— T, +T,—(CFKNO), 2 or remained isolated without a second monomer being found
for reaction. In our more concentrated matrixes, there is a higher
which our DFT calculations (but not Walker's EELS data) likelihood that an excited-state molecule will have a ground'
predict to be energetically feasible. state molecule in a neighboring lattice site, leading to the
The lack of features that can be assigned solely to the triplet 0bserved dimerization. The short-lifetime components in the
dimer does not necessarily mean that the triplet is not being fluorescence emission spectrum of matrix-isolated;NIb
formed. It may be formed at a geometry for which one of the Observed by Goodman and Btfshat result from annealing
singlet surfaces provides a lower energy. Thus, the triplet dimer (to 22 K in Np) or from elevated deposition temperatures
would be formed, but would relax to one of the singlet surfaces (6—8 K in Ne (R:M = 1:2000)) may actually arise from the
via intersystem crossing (ISC). A singlet calculation for the excited-state dimerization of the monomer and other radiation-
dimer at the triplet-optimized geometry yields a higher energy €SS processes involving monomer species inhabiting nearby
species, indicating that ISC should not occur from the minimum Matrix sites.
of the triplet surface. However, a singlet calculation performed  Additional kinetic information may be obtained by examining
at the geometry predicted for the triplet transition species yields dimer formation in an oxygen matrix. The low-lying electronic
an energy lower (by nearly 24 kJ ma) than that of the triplet states of @ would be expected to allow for the quenching of
transition species. Thus, the possibility exists that any molecule S; CRNO before it can react or fragment as the oxygen accepts
formed on the triplet surface may relax to a singlet surface, the energy from CENO* in a time shorter than necessary for
presumably leading to thas conformation, which more closely  reaction or relaxation. However, no significant decrease in dimer
resembles the triplet geometry. formation is noted in the oxygen matrix. This indicates that the

The gas-phase “dimerization” is initiated by the scission of
the C—N bond in CENO, resulting in NO and CHragments.
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rate constant for dimer production is comparable to the Conclusions
guenching constant for oxygen. While, @as been widely
studied as a quenching agent, such studies have not bee

ext_endeq _to CiNO, nor have quenching studies _been extended tion. The postphotolysis infrared spectrum resembles that found
to impurities trapped in rare gas or oxygen solids. for the visible photoproduct of the glassy liquid phase of
It is interesting that the rate of dimer formation appears to CF;NO. The observed vibrations corresponctts andtrans
be maximized in the krypton matrixes. The fragmentation pjs(trifluoromethyl)dioxodiazine. These vibrational assignments
process in the gas phase has been shown to proceed throug(infrared and glassy liquid Raman) are in agreement with the
§,—T; intersystem crossing (ISC) ang-S internal conversion  vibrational spectra predicted by DFT. The vibrational spectra
(IC),%03:38 with both processes showing sensitivity to the are consistent with dimers possessing substantial diradical
vibronic excitation level. The influence of the matrix gas may character and weak NN bonding. There is kinetic support for
appear in the form of a vibrational relaxation process mediated the formation of the dioxodiazine species in that there is a clear
by phonons in the matrix lattice or an external heavy atom effect dependence on concentration, noted by the dramatic attenuation
mediating ISC, through a change in the vibronic coupling of in dimer production with decreasing concentration. In the
the promoting mode for ISC or IC, or through a solvent-induced condensed phase, dimer production is contingent upon having
change in the visible absorptivity. a nearby monomer unit available for reaction with an excited
The effect of parent concentration on the dimer production Molecule, all of which occurs in a time less than that required
is profound. The rate of dimer production is diminished in the for fragmentation or relaxation of an excited {5/ molecule.
dilute matrixes, as shown in Figure 2. The line in this figure TNe lack of production of any new species as a result of UV
represents a statistical description of the dimer production. The iadiation of the product indicates that no rearrangement of
maximum observed rate was multiplied by the relative prob- Monomer connectivity occurs in the dimerization. Visible
ability of a dopant molecule having another dopant molecule |r_rad|at|on of the_ monomer in the condensed phase |n_relat|vely
as a near neighbor in the lattice. The probability was determined N1gh concentration is required to promote the production of the
by assuming that the dopant molecule occupies a matrix site imer. . -
consisting of the loss of one matrix atom (molecule) and its There are several aspects of the production of this dimer that

twelve neighbors. Clemitshaw and Sodased this approach warrant further study. Among these are more detailed kinetic
to determine the probability of isolation for a @Fdopant studies and experiments designed to elaborate on the proposed
molecule in an argon matrix. Subtracting the probability of structure (such as ESR, NMR, and Raman with a source

. X . . o wavelength exceeding 700 nm). An ESR examination of the
fggﬁggrg_om unity should then yield the probability of nearest matrix products could be used to indicate the presence of the

triplet dimer with a greater sensitivity than that provided by
12 IR: the DFT studies predict nitrogen hyperfine splitting (hfs)
P=1-(1-1/(MR)) 3 of 19 MHz and pairs of fluorine hfs of 20, 9, ane2 MHz.

Since thetransdimer is predicted to be stable relative to the
where MR is the dilution ratio. This line represents only a crude separated monomers, we would expect it to remain as the matrix
statistical description, since the model assumes a perfect matrixis warmed, and the possibility exists that it may be synthesized
crystal lattice, a reasonable assumption in Clemitshaw andin bulk via 633 nm irradiation of the solid or glassy liquid.
Sodeau’s dilute case, but hardly likely in these very concentrated
matrixes. Also, the size of the matrix cage, and hence the Acknowledgment. Discussions with Professors Brian Go-
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behind those in less favorable configurations. Eventually the of the monomers, dimers, and transition species, DFT vibrational
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