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An experimental study of CHT photolysis at 2537 A in argon and nitrogej ifMtrices is presented. The

sole IR detectable product is identified as BCHD: bicyclo[3.2.0]hepta-2,6-diene. It is found that CHT
molecules trapped in spectroscopically distinct sites were converted to the product at different rates. In the
initial stages of the photolysis, the population of some CHT trapping sites increased, indicating site population
transfer. In the long run, however, all sites were depleted. Molecular dynamics simulations are performed
to estimate the structure of the different sites, and together with a kinetic model, are used to account for the
UV induced changes. A tentative energy level diagram of the system is offered, in an attempt to rationalize
the total absence of toluene which is formed predominantly in the gas-phase irradiation of CHT at this
wavelength. The “twin state” concept is instrumental in this rationalization.

1. Introduction
The photochemistry of cycloheptatriene has been studied L7 H shift @H
extensively in the gas and solution phakes.The molecule is / H
a seven membered ring conjugated hydrocarbon, and as such (I)CHT
can undergo a variety of photochemical transformations, sum- H
marized in Figure 1. In the ground state it has a boat form H
with Cs symmetry?19 and can undergo facile conformational 45 eylizati E@
. . . . .. . . ,5 cyclization
isomerization. The barrier for this isomerization has been — >
estimated from NMR studies to be about 6 kcal/Aidka value (1) BCHD
supported by ab initio calculatioA%* The near UV spectrum (I)CHT
(€280 = 3470 | molt cm™) is structureless in the gas phase,
indicating rapid photochemical activity, a conclusion supported aHs
by the low fluorescence quantum yield (x41076,15). INDO/S \ 5 .
calculations show that this UV band is actually due to two 3,6 cyclization
nearby transitions, both af—s character due to the conjugated
systemt® At the Franck-Condon region, the lower has'Aand (III) (IV)
the higher A symmetry. The stronger transition observed at

about 6 eV is of ethylenic nature. Fi L Th . i h s ob d in the UV
o . - . igure 1. Three major reaction channels observed in the

In lflqu.'dl SO'”“OT‘S' photc:ce;(lcnﬁtlon leads to' an efficient photochemistry of CHT: Top, 1,7 hydrogen shift; middle, 4,5 cycliza-

suprafacial (1,7) migration of the hydrogen atoffigure 1) as  jon (formation of a molecule in which a four membered ring shares

well as to a less efficient ring closure leading to the bicyclo- two carbon atoms with a five membered ring); bottom, 3,6 cyclization
[3.2.0]hepta-2,6-diene (BCHR) The sigmatropic 1,7 hydrogen  forming norcaradiene, which relaxes to toluene.

shift is reported to be~500 times faster than ring closute.

Resonance Raman experiméhfs indicate that immediately  migration* BCHD was identified based on its physical proper-
after excitation the molecule flattens, as evidenced by strongties, UV, IR, and NMR spectr¥ Photosensitization by
scattering due to ring planarization modes. This step is believedbenzophenone or triphenylene did not lead to any product,
to be extremely rapid+20 fs), involving a second excited state, showing that the triplet state is not involved in this reaction.
probably the A state that is lower in energy than thé& Atate Efforts to identify any reactive intermediates failed, even at low-
at the planar geometry, as indicated by preliminary ab initio temperature experiments.The thermal formation of BCHD
calculations. The hydrogen migration step follows, leading to from CHT was not reported. Heating BCHD yields CHT, with

a vibrationally excited ground-state product that is relaxed with an activation energy of 39.5 kcal/m¥l,demonstrating the

a time constant of 26 gk. thermal stability of this rather strained molecule.

Extended irradiation of CHT in liquid solutions leads to the The gas-phase photochemistry of CHT was first studied by
formation of BCHD as the major final produtipthers being Srinivasar?, who found that BCHD and toluene were the major
toluene and a polymer. Under certain conditions the conversion products, the latter being the dominant product. BCHD yield
efficiencies of 30% and chemical yields of about 90éere increased with pressure but never exceeded 5% of the products.
achieved, though a quantitative quantum yield was not reported.He suggested that toluene was formed from vibrationally excited
It is expected to be very smah-Q.002), based on the fact that ground state CHT molecules, following rapid internal conver-
BCHD formation is slower by a factor 6500 than hydrogen  sion. This conclusion was amply supported by subsequent time-

Norcaradiene Toluene
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Figure 2. Energetics of some #£ls molecules relevant to cyclohep-
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is qualitatively accounted for by MD simulations of the trapping
site structure in an argon matrix.

2. Experimental and Computational Details

CHT vapor was premixed with the carrier gas in a separate
container at the desired concentration, and the mixture was
deposited onto a KBr window held at a predetermined temper-
ature (typically 23 or 14 K) by a helium closed cycle cryostat
(Air Products CS202). The temperature was controlled by a
Lake Shore Cryogenics Temperature Controller (Model 330)
autotuning to withirt=0.5 K. The deposition rate was controlled
by a variable leak valve (VAT, series 69) in the range oflD
mmol/h, with the deposition time varying between 2 and 4 h.
Three characteristic temperatures were used in the experi-

tatriene photochemistry (see text for literature sources, which are partly ments: Tq, the deposition temperaturg;, the temperature at

experimental and partly calculated).

resolved® and steady-statéexperiments on CHT and some of

which the spectra were recorded, afd the temperature of
the matrix during irradiation period. The infrared spectrum of
the resulting matrix was recorded by a Fourier transform

its derivatives. The conversion to toluene tends to unit quantum spectrometer (Nicolet Model 520, 0.5 chresolution) in the

yield at low pressures and is quenched by added gasis.

spectral range 4084000 cnt?. Irradiation source was a low

very high pressures the conversion to toluene decreases angressure mercury arc (essentially pure 2537 A, a filter was used

appears to approach a limiting value of 3%pse to the liquid-

to suppress the 1849 A component) and irradiation time varied

phase value reported by Srinivasan. The isomerization of CHT between 1 and 150 h, during which spectra were taken
to toluene is exothermic (31.5 kcal/mol) with an estimated periodically to monitor the progress of the photochemical

activation energy in the ground state of 50 kcal/rhadh
agreement with thermal studiés. The thermal isomerization

reaction. CHT (Fluka 95%), Argon (Matheson 99.9995%), and
Nitrogen (Gordon-Gas, either 95.5 or 99.999%) were used as

may involve a norcaradiene intermediate which opens to the received.

much more stable toluene (Figure 1). The energy difference

Molecular dynamics simulations were performed as previ-

between CHT and norcaradiene in the ground state is estimatedusly described?—36 Specific details are provided in section 5.

to be small, about 4.5 kcal/mat.
Figure 2 shows an energy diagram relevant for CHT
photochemistry. The enthalpies of formation of the different

Ab initio calculations were carried out using the Gaussian
94 program packag®,at the HF or HF-MP2 levels and by the
density functional theory at the B3LYP level. Several basis

species are shown relative to the thermodynamically most stablesets were used, the largest of which was 6-313GComplete

isomer, toluene.
The rich photochemistry of CHT makes it an interesting

structural optimization was performed for each species and
vibrational frequencies were calculated from the Hessian matrix

candidate for the study of matrix and site effects on the course Using the harmonic approximation at the optimized geometry.

of a chemical reactio?* Environmental effects which are

No imaginary frequencies were found in the calculation,

inherent in condensed phase may well determine the outcomeshowing that the optimized structure was indeed a minimum.
of a chemical reaction, favoring a specific channel over another. The resulting frequencies were uniformly scaled by 0.988 for
In a matrix, the cage effect is dominant, favoring isomerization the B3LYP/6-311G* calculation.

over dissociation in many cas€s28 Vibrational relaxation is

usually quite efficient, tending to reduce the yield of reactions 3- Results

from vibrationally excited molecules. Thus, the matrix may

3.1. CHT in an Argon Matrix. 3.1.1. The IR Spectrum

simplify a complicated reaction scheme by channeling it to one of CHT in an Argon Matrix. The IR spectrum of CHT is well-

favorite route.
Matrix isolation is also amenable to molecular dynamics

known in the gas and liquid phase. A portion of the argon
trapped spectrum of this molecule is compared with a quantum

simulations, which help in analyzing possible site effects, as chemical calculated one in Figure 3: most bands are rather

demonstrated recently31 Much insight was gained, particu-
larly in identifying and characterizing different trapping sites

weak, only two or three are relatively strong. Table 1 lists the
experimental transitions, alongside with solution phase literature

and relating them to reaction feasibility and even different data and a quantum chemical calculation. The most intense
reaction rates. Some recent experimental studies have emphabands, centered around 710 and 741 tmvere chosen for a

sized the importance of site effects in understanding théfmal
and photochemic effects on the reactivity of matrix trapped

more detailed study. The quantum chemical calculation shows
that the 710 cm! is due mostly to a combination of CH out-

molecules. Site effects reported in this work are also qualita- of-plane wag (umbrella mode) and in-plane symmetric stretch

tively supported by MD simulations.
The strong medium effect on the product distribution of CHT

of the two carbon atoms adjacent to the Qifoup. The other
strong IR band, centered around 741épis also due mainly

photochemistry, makes it a suitable candidate for testing matrix to CH out-of-plane wag. Both bands were found to be split in

effects. In this paper we show that deposition of CHT in an
argon or N matrix leads to the formation of several trapping
sites. Long term UV irradiation results in almost quantitative
transformation to BCHD, but the short term photochemical
activity of CHT in different sites varies strongly. In fact, it is

found that the population of some of the trapping sites initially

the matrix into several subbands whose relative intensities were
found to depend on the deposition conditions, mostly CHT
concentration and deposition temperature. Figure 4 shows a
higher resolution recording of these two IR bands obtained under
different experimental conditions. The splittings observed are
of the order of 1 cm?, very close to the 0.5 cm spectral

increases upon irradiation, while others are depleted. This trendresolution of our spectrometer. It is likely that, under higher
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TABLE 1: Experimental and Calculated Vibrational
= Frequencies of CHT
(=]
E experimental calculated
> I“’ Iz frequency approximate frequency normalized frequency intensity
Fi (cm™) intensity (cm™) intensity  (cm™)  (km/mol)
é 211 0.29
2 292 0.69
= 353 2.1
g 406 w, bf 413 0.58
°l1 420 s, br 423 5.3 427 6.8
589 ms 590 4.6 601 4.4
657 Vs 656 16.4 660 22
o 710 ws 710 100 715 75
S 743 vs 742 34 748 31
793 s 792 2.2 801 2.6
2 10-15 871 w 882 0.10
a 905 s 911 3.6 910 3.0
| 927 0.30
g S 946 ms 942 0.2 950 1.1
& *T 950 0.4 959 0.48
g 9 970 m 964 0.81
N 980 0.01
1016 ms 1020 14 1032 1.9
T ' v ' T T T T T ! 1047 ms 1047 1.3 1057 1.1
600 700 800 900 1000 1100 1200 1300 1400 1500 1187 0.4 1205 0.01
Wavenumber (cm™) 1191 ms 1196 0.9 1213 0.44
Figure 3. A portion of the IR spectrum of CHT in an argon matrix gig n?1 1122%(1 %? 1122?;?1 %:;%
compared to a quantum chemical density functional theory calculation S ’ ’
(B3LYP/6-311G* with a 0.988 correction applied) 1293 S 1294 41 1320 22
: ’ 1352 ms 1358 2.0 1377 1.0
resolution, more splittings may be observed. However, in this 1392 s 1397 7.6 1:3&5 01'3?
W0r|_< we are |_nterested in the gross photochemmgl consequences 44, vs 1438 10.7 1477 75
of site selection, rather than in full spectroscopic analysis. 1534 m 1557 0.29
The relative intensity of the three peaks is different when 1606 ms 1648 0.60
deposition is carried out at 14 K as can be seen from Figure 1688 ms 1657 0.64
4b. Annealing of the matrix (to 38 K for 20 min) changes the 2841 S 2288320 1445 2961 37
relative intensity of the peaks: two decrease in intensity while 2850 6.7
the third (at 709.6 cml) increases, dominating the spectrum 2884 s 2885 52 3052 25
(Figure 4c). This peak is the most intense when deposition is 2896 7.7
carries out at 23 K. It is noted that annealing also leads to the 2969 s 2970 21 2085 074
appearance of some blue shifted, broader weak peaks that are ,g95 sh 3000 14 3091 2.0
assigned to aggregates (dimers, trimers, etc.) of CHT. These 3015 VS 3026 18 3098 12
peaks are found to further increase upon warming the matrix to 3027 ws 3036 30 3113 74
40 K. 3043 21 3120 57
3.1.2. Effects of Irradiation on the IR CHT BandslV light 3060 w 3067 2.6 3125 8

(2537 A) irradiation of CHT in an argon matrix leads to an aReference 45 From CHT IR spectra in an argon matrix, this work.
overall decrease in the area of the CHT bands and appearancéB3LYP/6-311G* calculation, this work!w = weak, br= broad, s

of new product bands. In the initial phase of the irradiation, = Strong, ms= medium strong, vs= very strong, ws= very very

the relative intensity of the three CHT subbands of the 710'cm strong.

feature changes considerably. Figure 5 shows the IR spectratrapped in argon, regardless of trapping site. Similar data were
of CHT in an argon matrix (deposited at 23 K, cooled to 13 K, also obtained upon irradiating the matrix at a higher temperature
and then irradiated at 13 K) in the 70G60 cnt ! region. After (23 K).

abou 1 h ofirradiation, the relative intensity of the CHT peaks As the irradiation proceeds, product bands are observed to
changes (Figure 5b). The intensity of the 709.6 €peak (the appear and grow. One of the more intense product bands, at
dominant one under the deposition conditions) decreasesabout 728 cm!is shown in Figure 5c; it is also split into several
absolutely and also relative to the other peaks. In contrast, thesubbands.

intensity of the 712.0 cm peak increases both relatively and Figure 6 shows the normalized total band area of the reactant,
absolutely. It is interesting to note that irradiation appears to CHT (the 710 cm?! band) and of the product (the 782 tin
operate contrary to annealing: this subband is the same oneband) as a function of irradiation time. It was found that the
that was observed to decrease upon annealing, while the 709.@lecay of CHT and the rise of the product follow first-order
one increased. A similar effect can be seen for the 7411cm kinetics, with thesamerate constant (8.5 0.3) x 1073 h™1)
band. The 741.6 peak (the dominant one under these conditionsithin experimental error. The numerical values of these rate
decreases while the intensity of 742.9 dnsubband increases  constants were dependent on the experimental conditions (light
not only relatively, but also in absolute terms. Figure 5¢c shows intensity, concentration, temperature), but the equality of the
the IR spectra of the same matrix after a prolonged irradiation decay and formation rate constants appears to be universal.
(90 h). The CHT absorption bands are almost totally absent However, closer inspection revealed tladizidual subbands
showing that thebsoluteincrease of some of the CHT bands exhibited different kinetic characteristicd-igure 7 shows that
was only temporary and that a long enough irradiation leads to the time dependence of the different subbands varies in the initial
photochemical conversion of about 90% of the CHT molecules stages, and that only after abh&uh or so, allsubband intensities
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Figure 6. Reactant and product total IR band intensities as a function
of irradiation time in an argon matrix. The data were fitted to a first-
T T T order decay of CHT and rise of the product (solid lines). An independent

700 710 720 730 740 750 760 fit led to a unimolecular rate constant of (840.3) x 102 h™* for
Wavenumber (cm™") CHT decay and (8.6- 0.3) x 1072 h™* for the product’s formation.
Figure 4. A portion of the IR spectrum of CHT in argon under different
experimental conditions (bands marked by asterisks are assigned to
metastable sites): (a) 1:3025 deposited at 23 K, spectrum taken at 13
K. (b) 1:1300 deposited at 14 K, spectrum taken at 14 K. (c) Same as 109.6
(b) after annealing at 38 K for 20 min; spectrum taken at 14 K. )
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700 710 720 730 240 750 760 in an argon matrix as a function of irradiation time (the intensities of
each subband are separately normalized the initial value). The inset
shows the initial intensity distribution before irradiation was started.
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Figure 5. A portion of the IR spectrum of CHT in argon before and .
after irradiation at 2537 A (bands marked by asterisks are assigned toOf the two stronges_.t peaks of b,Oth, CHT an.d.the product will
be equal to the ratio of the extinction coefficients of the two

metastable sites): (a) as in Figure 4a, (b) aftéh of irradiation, (c) ! -
after 90 h of irradiation. bands. For CHT in argon the ratio of the area under the

absorption bands of the two strongest bands (710'¢émCHT

decreased at approximately the same rate. The intensity of theto 782 cnt* in BCHD) is found to be 2.5:1. A similar value
711.9 subband is seenitwreaseinitially by almost 20%, before was obtained for a nitrogen matrix (discussed in the next sub-
it begins to decrease. In contrast, no difference in the formation section): the ratio of the integrated area of the corresponding
rate of the differenproductsubbands could be discernredll CHT and product bands in that matrix was found to be 2.2:1.
appeared to grow at the same rate. Admittedly, the signal-to- The average ratio is thus 2.35.
noise ratio at the very beginning of the reaction did not allow  The product IR absorption bands, as those of CHT, are found
detecting minor £20%) differences. to be split. They typically consist of four main subbands, as
3.1.3. Characterization of the Produ@rolonged irradiation for example, the 782 cm product band exhibits four maxima
results in almost complete conversion to the product. (90% in at 780.8, 781.4, 782.1, and 783.4¢m Their relative intensities
argon and>95% in N,). The relative strength of the extinction are found to be constant under different deposition and
coefficient of CHT and the product can be determined by irradiation conditions. However annealing by rapid heating to
analyzing an experiment in which a complete conversion of 35 K and then recooling to 13 K leads to considerable changes
CHT to product was obtained. Assuming, on the basis of the in the relative intensities of the subbands, as shown in Figure
IR spectra, that only one product is formed, the relative areas 8. For instance, there is a dramatic decrease in the 780.8 and
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Figure 9. The time dependence of different IR subbands intensities
of the CHT 713 cm* band during an extended irradiation experiment

in a N; matrix containing CHT, showing both irradiation and dark

200 periods (1:1400 matrix deposited at 23 K).

770 775 780 785 790 795

.1
Wavenumber (cm™) different relative intensity of the subbands, while annealing led

Figure 8. Annealing effect on the product’s subband structure at 781 to g major change: the stronger peak at 713.7 ‘cmimost
cm™tin an argon matrix. Top: a 1:3000 matrix deposited at 23 K and disappeared, and the peak at 713.0 tivecame the dominant
irradiated at 13 K for 90 h at 23 K. Bottom: same matrix after annealing f L - . .
: : one by far. In addition, the intensity of three minor peaks at
at 35 K for a few minutes, and recooling to 13 K. ’
g 717.5, 720.9, and 723.1 cthwas found to grow. These peaks

TABLE 2: CHT Photochemical Depletion as a Function of become the most dominant ones when heating to 34 K, and are
Guest/Host Ratio in an Argon Matrix® assigned to dimers or higher aggregates.
initial irradiation conversion As in the argon matrix UV irradiation affected the subbands
CHT:argon ratio time (min) (%) intensity selectively in the initial stages, with some showing an
neat film 1338 21 absolute intensityncrease further irradiation reduces all CHT
1:100 1400 23 subbands decrease, leading eventually to complete conversion
1:1280 1494 52 to the product. Also in agreement with argon matrices, the
1:3000 1270 59 relative intensities of the product subbands induced by the
a All matrices deposited and irradiated at 23 K, except the 1:3000, irradiation remained constant throughout.
which was irradiated at 13.5 K. Minor differences may be noted between the two matrices.

Thus, in a N matrix, relative and absolute intensity changes of
781.4 cni! peaks and a concomitant increase in the 782.1 peak. CHT subbands caused by short-term irradiation were found to

3.1.4. Effect of CHT Concentration on Reaction Rate and be reversed in the dark even at 23 K. Similar changes in an
Yield. The reaction’s rate and yield were found to depend argon matrix required a higher temperatuwe30 K). Figure 9
strongly on the initial reactant (CHT) concentration. Thus in a shows the intensity changes in the individual subbands of the
typical experiment, the total amount of CHT was about 3 times 713 cnt! feature as a function of time. It is seen that in the
larger in a highly concentrated sample (Ar:CHT100) than N2 matrix the 713.1 cm! subband decreases strongly in the
in a more dilute one (Ar:CHE= 1300), as estimated from the initial irradiation period andéncreasesignificantly during a dark
optical density of the sample, yet after abdih of irradiation period starting after 20 h of irradiation. A similar recovery
the product peak was found to be about 10 times more intense€ffect, of a smaller magnitude, is found for the 713.7 ¢ivand
in the latter. Table 2 compares the reaction yield as a function that also undergoes immediate decrease upon irradiation. In
of CHT concentration, for similar extended irradiation periods. contrast, the 711.8 cm band, which increases initially upon
It is obvious that both the rate and yield of the photochemical irradiation, decreases during the dark period. It should be noted
reaction of CHT are decreased as its concentration increasesthat, during the “dark” period, theverall band intensities of

3.2. CHT in a N; Matrix. In general, the IR spectra and  Poth reactant and product did not changfiowing that no net
photochemical characteristics of CHT in a Matrix were very ~ chemical change occurred during that time. .
similar to those observed in an argon matrix. The main IR bands AS in the case of the corresponding argon matrix experiment,
of both CHT and the product were found to be split, indicating th_e klnetlcs of both reactant decay and proc_iuct rise could be fit
the coexistence of several trapping sites. UV irradiation led to with first-order rate constants. The best f_|t rat_e constant for
a decrease in the CHT absorption bands; Initially the different the CHT decay (4.% 1072 + 4 x 10~% h™) is quite close to
subbands displayed different intensity changes, while upon the independently obtained one for the product for_ma_t!on (5.5
prolonged irradiation, all bands decreased, leading eventually X 1072+ 3 x 107°h™). These rate constants are significantly
to complete disappearance of the CHT. The product's absorp-'arger than the corresponding ones measured in an argon
tion bands were also split, but all subbands were found to grow Matrix*’
at the same rate.

The two CHT IR bands discussed in section 3.1.1 were found
to be slightly blue shifted (by~3 cm). Upon deposition at 4.1. ldentification of the Product. The appearance rate of
23 K, each band is found to be split into two main subbands all new IR bands observed upon irradiation of CHT in either
separated by 0.7 cnh: the 713 band into 713.7 (the dominant matrix was the same, indicating that only one stable product is
one under these conditions) and 713.0¢nand the 744 cmt formed. The product was identified from the IR spectrum as
band into 743.5 and 744.2 cth Deposition at 13 Kledtoa BCHD, based on comparison with published spéétaamd on

4. Data Analysis
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TABLE 3: Experimental and Calculated Vibrational
= Frequencies of the Product BCHD
(=3
E Is experimental calculated
Z frequency frequency normalized frequency intensity
2 (cm™) (cm™) intensity (cm™) (km/mol)
p 185 188 0.0
) 256 260 1.2
g 401 406 1.6
5‘; ' ‘ 471 475 3.1 474 4.8
. bl Lo 663 655 256 662 7.6
697 700 60.8 696 27
S 728 729 82.1 727 33
= g 782 782 100 784 36
8 820 819 6.7 819 2.0
10‘05 832 850 21.8 855 9.7
- 8 882 885 0.1
§ 3 83 911 913 2.7 921 3.0
= & g 8§ e % 934 932 9.9 931 5.4
£ 8 € 2 3 Efél I g = 946 946 2.4
S Sg= =Y 1002 947 20.2 955 7.3
1008 1003 4.8 1008 1.0
1023 1024 2.9 1017 1.6
, : . . , , : , : , 1077 1081 4.3 1025 1.5
600 700 800 900 1000 1100 1200 1300 1400 1500 1107 1125 9.3 1089 0.8
‘Wavenumber (cm'l) 1119 0.3
_ ) ] ) 1141 1145 12.7 1160 4.7
Figure 10. A portion of the IR spectrum of the product in a Matrix 1159 1165 3.3 1182 1.4
compared to a quantum chemical density functional theory calculation 1190 1194 26 1209 26
of BCHD (B3LYP/6-311G* with a 0.988 correction applied). 1250 1253 8.7 1272 4.2
1260 1264 10.9 1282 4.0
quantum chemical calculations. Figure 10 shows the new IR~ 1281 1286 21.2 1300 8.7
bands induced by the UV irradiation, after almost complete 1299 1304 18 1323 5.2
. . 1345 1350 12.3 1362 2.5
conversion of CHT has been attained. No toluene bands were 7,39 1445 174 1481 31
observed, in agreement with previous condensed phase studies. 1557 1612 1.9
All CHT bands are very weak, almost unobservable. The figure 1607 1655 1.1
shows also the ab initio calculated bar spectra of BCHD. Table 2940 2850 20 2973 50
3 lists all the IR product bands and their relative intensities 2911 2232103 3421 225372 325
(normalized integrated area under the IR band) in the nitrogen 2939 2028 21 3028 66
matrix. The ab initio calculation was found to reproduce the 3043 2943 43 3114 22
experimental determination of the IR absorption intensity ratio 3050 2949 27 3118 17
of the CHT 710 cm? peak to that of the product’'s 782 cf 2955 22 3144 48
peak (section 3.1.3.). The experimental value is 238.2, 3116 3061 25 3148 31

and the calculated one is 2.1. Thus, the accumulated evidence a Reference 18? Product IR spectra in a nitrogen matrix, this work.
strongly indicates that BCHD is the main product under the °¢B3LYP/6-311G* calculation, this work.
present experimental conditions.

Table 4 compares the calculated and experimental data forthus the 709.6 crmt subband (in an argon matrix) is due to the
CHT, and presents the BCHD calculations. The calculated most stable site in the 710 crhband region. UV irradiation
structures were used for the MD simulations presented in sectionalso causes changes in the sites’ relative populations, as
5. determined from the IR spectrum. Moreover, some subbands

4.2. Trapping Sites Exchange.The subbands observed in are found to increase their absolute intensity, indicating net
the CHT spectra at high dilution<(L:1000) are assigned to  population transfer from other sites. In this case, other sites
different trapping sites. Other possible causes for the appearanc@ppear to be populated preferentially. These photochemically
of band splittings (different conformational isomers, hot bands generated sites (such as the one leading to the 7128 cm
or aggregates) may be ruled out. CHT has only one structural Subband) are not the thermodynamically most stable ones. The
conformer, the temperature is too low for any hot bands to mechanism of their formation is discussed in section 6.2.
appear, and absorption peaks due to aggregation are observed 4.3. A Kinetic Model. The sole appearance of BCHD upon
only at higher concentration. Dimer (or possibly higher UV irradiation is in line with the model suggested by Sriniv&san
aggregates) peaks can be identified from their broad line shapethat BCHD is formed on an excited state surface, contrary to
and their assignment can be ascertained by heating to a hightoluene that is formed from a vibrationally hot ground state.
temperature in which the argon matrix starts to melt and dimers The reaction is photochemically allowed according to the
are formed. For example, for the 710 thband of CHT in Woodward-Hoffmann rules-the ring closure of butadiene to
argon, the dimer peak appears at 714.7 tmand for the 742 cyclobutene. A likely scenario is the crossing to another singlet
cm~! band of CHT, it seems to be at 746.2tm Initially these state (see section 1), which undergoes 1,7 H migration quite
dimer peaks are weak and broad; they grow when annealed toefficiently, and ring closure as a minor channel. Under the
high temperatures (see Figure 4c) and become the only peak inconditions of the present experiments, the hydrogen shift does
the respective CHT bands after heating to 44 K (not shown). not lead to a chemically distinct product, and the only net

Annealing causes significant changes in the monomer peaksproduct is BCHD. Since the latter absorbs very weakly at 2537
as well. It allows the qualitative determination of site stability, A, prolonged irradiation leads to almost complete conversion
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TABLE 4: Calculated and Experimental Rotational Constants and Enthalpy for CHT and BCHD

CHT experimental CHT calculated BCHD calculated

rotational constants (MHz)

A 3696.11+ 0.02 3683.70 5036.50

B 3672.09+ 0.02 3680.85 3140.58

Cc 2032.30+ 0.01 2015.86 2317.23
enthalpy

E (hartree) —271.568 2517 —271.531 5287

AH?e (kcal/molf 80.11 79.76

AHret(kcal/mol)! 22.69
dipole moment (debye)

X 0.24+0.04 0.258 0.046

y - 0.000 —0.119

z 0.060+ 0.002 0.153 0.024

a Al calculated values from B3LYP/6-311G* calculations, this wotiCHT experimental values from ref 10Zero point vibrational energy.
d AHe2t = AH(BCHD) + AH?{BCHD) — AH(CHT) — AH#*§CHT)

of CHT to BCHD, as expected in a photostationary equilibrium.
The lower yields previously observed at room temperature in Experiment
condensed phasesnay be explained by some hot band

absorption of BCHD, leading to a smaller final BCHD/CHT iy
concentration ratio in the photostationary state.

The initial increasein the absorption intensity of some IR
subbands of CHT upon UV irradiation may be qualitatively T
explained by the following kinetic model, based on the
assumption that the subbands are due to different trapping sites.
For simplicity we assume that there are three spectroscopically
distinguishable sites, denoted as A, B, and C. The concentration
of CHT in these sites will be denoted as [A], [B], and [C],
respectively. The product appears in several spectroscopically
distinct sites, but since they are kinetically indistinguishable,
we lump them together in the model, and denote the total
concentration of the product by [P].

The rate constants to form P are assumed to differ signifi-
cantly: for A itis highest, B is nonreactive, and C is assumed
to be much less reactive than A. To reproduce the initial rapid L e

. . . 0 50 100
decay of A, and rise of B, they are assumed to be in relatively Irradiation Time (hours)
rapid equilibrium. The simplest mechanism that was found to
approximately reproduce the data required that only A, the more
reactive site, will also be converted to the less reactive one, C,
and that C, in turn, may be converted to B. This “bare bones”
mechanism is represented by the following equations:

L [P®] = [CHT(0)] — {[AM] + [B(] + [C(1)]}

Simulation

Absorbtion

T — T T

Figure 11. The time dependent population of different sites according
to the kinetic model.

conservation of matter

The best fit results are shown in Figure 11. The derived rate
= p constants are as follows (units=M: kyy= 7.2 x 1073; ko= 9

x 1073 kae= 1.6 x 1073 k= 1.8 x 1073; ko= 1.8 x 1073
k= 2.7 x 1074 A more elaborate model is required for a

A—C guantitative reproduction of the experimental data, but even the
simple one indicates that site interconversion with realistic rate
cC—P constants accounts for the data.
ch
C—B 5. MD Simulations

The concentrations appearing in the model are of the ground- Molecular dynamics simulations of the argon matrix deposi-
state species; the reactions are all light induced, so that the ratdion and trapping site formation were carried out to provide an
constants include light intensity and the absorption coefficients, insight into the structure of the trapping sites in argon. In
which were assumed to be equal for all sites. The absorption particular, we were interested in accounting for the reactivity
of the product at 2537 A is negligible, so that no back reaction differences of different sites. The basic procedure of the
is included in the mechanism. The rate constants were fitted simulation was described in detail previougly3¢ The interac-
to reconstruct the experimental data of Figure 7 (CHT in argon). tions between the particles were assumed to be sums ofatom
Initial concentrations were taken from the experimental values atom pairwise Lennard-Jones potentials, with the parameters
with the assignments: A, the species absorbing at 709:8;cm listed in the references cited. All depositions were done on the
B, the species absorbing at 711.9dnC, the species absorbing  fcc 100 crystal plane, the total number of argon atoms being
at 710.4 cm®. The concentration of the product is found from about 800. In the present simulations the CHT and BCHD
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molecules were treated as rigid bodies (using the RATTLE
algorithn®9), their structures being taken from the ab initio © o
calculations. 8 @ @

It was found that the smallest trapping site of CHT was a
four-substituted one, while that of BCHD was a five-substituted
one. However, for both molecules larger sites were also
obtained, with a relatively high probability. The most probable
site sizes for both molecules were a five- or six-substitutional
ones, the probability of larger ones falling off quite rapidly with
size. The structure of some of these sites is shown in Figure
12. The attractive interaction between two argon atoms at the
equilibrium separation is stronger than that between an argon
atom and one of the first-row atoms constituting the molecules.
Therefore it was found that the smaller trapping sites were in
general energetically more stable than the larger ones.

The connection between the site structure as found from the
MD simulations and IR spectral shifts was not established yet.
It was found that some larger trapping sites were structurally
similar to smaller ones. For instance, a four-substituted site
could be formed by removing four argon atoms from a single
100 plane; a five-substitutional site was obtained by removing
another argon atom either from the same crystallographic plane
or from an adjacent one. In the latter case the IR shift of an
in-plane vibration could be similar to that of the original four-
substitutional site. It is therefore possible that each of the
experimentally distinct subbands (observed with a 0.5%cm B ® @
resolution) represents several similar trapping sites. ® ©

An immediate result of the simulation is that some sites are
expected to be less reactive than others. In particular, a four-
substitutional site of CHT is too small to accommodate BCHD =
and cannot sustain a reaction. It may, however, be converted
to a larger site, provided an argon atom adjacent to the molecule
will diffuse away. We believe that the experimental results
indicate that this must take place under irradiation (see section ® ©
6.2). B 8 ©

6. Discussion

6.1. Trapping Sites. The existence of several spectroscopi-
cally and kinetically distinct trapping sites of CHT in an argon
matrix has been demonstrated. By using highly diluted mixtures
(2:3000), we could rule out the possibility that any of these
peaks is due to dimers or larger oligomers. Low-temperature
deposition (14 K) leads to the same main IR subbands but with
different relative intensities (i.e., populations) than those
observed at higher deposition temperature. In general, deposi-
tion at higher temperatures (such as 23 K or 26 K for argon
matrices) leads to a more ordered matrix (polycrystalline) in

which less stable trapp!ng sites are more rarely forme.d'. Thus, Figure 12. The structure of some MD calculated CHT and BCHD

subbands that are relatively more intense upon deposition at 14yapping sites in an argon matrix. The two lattice planes shown are
K are likely to be due to unstable trapping sites. This those in which argon atoms were displaced by the trapped molecules.
assumption was substantiated by annealing experiments. Thos®©ne of them is denoted by squares, the other by circles. The large
peaks that are thought to arise from unstable trapping sitessymbols are the locations of argon atoms in the simulated matrix; the
decreased in intensity, and the peak that is dominant whensmall ones are the locations of the argon atoms in a perfect fcc lattice.

" - - Deposition was on a 100 plane. (a) A four-substitutional site of CHT.
depositing at 23 K was the main feature left after annealing. (b) A six-substitutional site of CHT. (c) A six-substitutional site of

6.2. Mechanism of Irradiation Induced Site Exchange.  BCHD (note the similarity to the six-substitutional site shown in (b).
UV irradiation changes the relative intensity of the different

subbands within a specific CHT IR absorption band. In the ones that were relatively more intense when depositing at 14 K
initial stages of irradiation there is even an increase in the (i.e., metastable sites). A possible mechanism, proposed in the
absolute intensity of one subband in both argon anthBlrices. kinetic model, is conversion of some sites to less stable ones.
Since different subbands were assigned to different trapping sites The electronically excited molecules undergo rapid vibrational
(or groups of sites), a plausible interpretation is population relaxation to the minimum of the excited state potential surface,
transfer from one site to another. The sites whose populationfollowed by crossing to another surface, or planarization.
increased are not the most stable ones, as deduced by comparPlanarization is followed rapidly (on a 1 s time scal&’) by

son with the annealing experiments. Rather, they are the sameH atom shift and reformation of CHT. This back and forth
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skeletal “boat to boat” motion affects the surrounding argon

atoms, allowing their reordering around the trapped molecule. — —
A possible outcome is the formation of a non reactive four

substituted site, from a five substitutional one. aromatic

transition state

The transformation of nonreactive sites to reactive ones under
irradiation is also possible: the electronic energy is converted

to vibrational energy in CHT, which can be exchanged with
the surrounding matrix. A likely site exchange mechanism is @ . ‘ —’E@
the migration of an argon atom (or a Nolecule) from the ED
immediate vicinity of the molecule to a vacancy somewhere ) '
else in the matrix. This restructuring requires, as a rule, the anpomatic
relocation of several matrix atoms, and thgr_efor_e is a relativgly Figure 13. A scheme showing the assumed transition states of two
rare event. In other words, molecules residing in a nonreactive cHT isomerization reactions: an aromatic one to norcaradiene and an
site are recycled many times back and forth between the groundanti-aromatic one to BCHD.
and the excited states before isomerization can take place in
the reactive sites. As the population of the reactive sites tion and transforms as a nontotally symmetric representation,
decreases, the photostationary equilibrium depletes also thewhile the conjugate excited state is constructed from the in-
nonreactive ones. phase combination and transforms as the totally symmetric
The combined evidence of the MD simulations and the kinetic representation. The aromatic transition state is defined as one
model can be used to speculate on the structure of the differentin which an odd number of electron pairs participates in a
sites: the more reactive site (A in the kinetic model) is likely pericyclic reaction, while in an antiaromatic one, the number
to be a six-substitutional site in which either four matrix atoms of participating electron pairs is even. It has been shown that
were removed from one lattice plane and two from an adjacent the two conjugate states are similar in structure, the minimum
one (a 4-2 6S site as shown in Figure 12b), or five matrix of the excited state being located at the same position along
atoms from one lattice plane and one from the otherl(®S the reaction coordinate as the transition state. Furthermore, it
site). These two sites may actually be easily interchangeablewas shown that the gap between the two states is large for an
under illumination. The less reactive site (C in the kinetic “aromatic” transition state and small for “anti-aromatic” ones.
model) may be a #1 five-substitutional (5S) site, and the Typical values are 5 and 2 eV, respectively.
nonreactive one (B in the kinetic model) &8 substitutional In the cycloheptatriene system, the transition state to form
one. Site C can be formed from the more reactive A site by norcaradiene (leading to toluene) is aromatic, while the transition
the migration of a single argon atom into a vacancy, and it can state to form BCHD is antiaromatic (Figure 13). Therefore,
be transformed into the less reactive one by the migration of a the conjugate excited state of the former is above the initially
vacancy from one lattice plane to a neighboring one. excited state of CHT, while that of the latter is lower.
An interesting distinction between the experiments in Arand UV absorption at 2537 A is known to populate tHAT state,
in N is that in the dark period after irradiation at 23 K the which is depopulated by ultrafast processes (withBD fs) as
relative intensities of different subbands are observed to change found by multiphoton ionization studié8. The most plausible
while they remain constant in the argon matrix unless the matrix explanation is coupling to another electronically excited state
is warmed to a higher temperature (30 K). It was verified that of A’ symmetry, whose existence is supported by magnetic
CHT peaks in a W matrix do not exhibit any change at 23 K  circular dichroism® and resonance Raman experiméatd The
if the matrix was not previously exposed to UV irradiation. The scheme, shown in Figure 14, is compatible with previous data
different “dark time” behavior is probably due to the larger and accounts for the present experiments. The vibrationally
reactivity of Np matrices?*#'the stress induced by the irradiation  excited A" state formed initially by the light absorption can
may be partially relieved in a nitrogen matrix by rearrangement lead to toluene production by rapid internal conversion to the
of the matrix molecules involving, for instance, rotational ground state. The conjugate excited state of the “aromatic”
motion. This motion is typically characterized by low energetic transition state between CHT and norcaradiene, Q in the figure,
barriers, allowing the thermal motion to surmount it even at 23 is too high lying to be involved. In the gas phase this is indeed
K. A similar effect was noted by Raducu et al. for conformer the dominant process, leading to toluene as the major product.
interconversiorf? Toluene is formed via norcaradiene followed by a biradical
6.3. Reaction Mechanism.Our discussion of the reaction ~ intermediate. In the condensed phase, this route is practically
mechanism is based on the twin state concept for isomerizationblocked by rapid vibrational relaxation, allowing other processes
reactions. As shown elsewhefethe wave function represent- o take place.
ing the transition state of valence isomerization reactions (in  The lower vibrational states of théA'' state are coupled to
distinction from conformational isomerization) may be con- another electronically excited state (the most likely candidate
structed in a valence bond representation from combinationsbeing 2A'). It appears to have several minima along different
of the reactant and product wave functions. Two combinations coordinates; one, (Z in the Figure), which is the conjugate of
are possible, an in-phase and an out-of-phase one, which arehe transition state between CHT and BCHD; another, Y in the
referred to in the following as the conjugate, or twin states, to figure, is thought to lead to the 1,7 hydrogen shift:l” Z is a
denote their common parentage. If the transition state has anlow-lying excited state, being conjugate to an antiaromatic
“aromatic” character, the combination representing it is an in- transition state. It is coupled via a conical intersection to the
phase one and transforms as the totally symmetric representatiomground-state surface, at the transition state. The system may
of the symmetry group to which the transition state belongs. then revert to the reactant CHT, or proceed to form the product.
The out-of-phase one represents an excited state and transform$he former is the statistically preferred process, since the CHT
as one of the nontotally symmetric representations. If the minimum is much lower than the BCHD or€but since it leads
transition state is “anti-aromatic”, it is an out-of-phase combina- to no net reaction, is unobservable. Since BCHD does not
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A similar effect was found also in liquid solution experiments.
Q This self-quenching is suggested to be due to coupling between

ground-state neighboring CHT molecules and one of the

electronically excited states involved in the process, possibly

I'A" by the formation of an exciplex state. These results and the

fact that different sites reacted with different rates we deduce
that a reaction occurs mostly in an isolated site and not in
molecular aggregates.

\
7 Summary
The UV photolysis of cycloheptatriene (CHT) in cryogenic
1Hnn& | Y matrices leads essentially exclusively to the formation of
CH, ' $ bicyclo[3.2.0]hepta-2,6-diene (BCHD). A clear kinetic site
ad effectis found: different trapping sites exhibit different reaction
@ <« @ rates. This effect is accounted for by a molecular dynamic
simulation of trapping site structure, showing that some sites
are more likely to react than others. The eventual quantitative
conversion of CHT to BCHD is consistent with a kinetic model
that includes light induced site interconversion steps. The model
qualitatively accounts also for the individual sites’ population
changes. An energy level diagram of thidHg system provides
a qualitative account for the predominance of BCHD product
in condensed phases and of toluene in the gas phase.
[j CHT (I'A") E@ : ; . ;
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