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Photoinduced reactions in binary MH, complexes in solid argon are studied by FTIR spectroscopy. Analysis
of the IR spectra and kinetics of product formation shows that the main photochemical channel at 355 nm is
the formation of [HN*—HF---F] radical pairs; the relative initial yield of this product is 0.55. We believe
that this is the first observation of this mechanism of radical pair formation (i.e., by escape of one of the F
atoms from the initial cage containing the complex). The other major product channels fohn-Hf and
NH—HF—HF complexes in approximately equal amounts. Isotopic substitution experimentsidihgand

ND; aided the assignments of the infrared bands of-NF—HF, which is identified for the first time.
Thermal recombination of the pNI*—HF---F] radical pairs at 20 K yields only the addition product RH-

HF. However, photoinduced recombination of,fd—HF---F] radical pairs at 633, 532, 355, and 266 nm
gives predominantly NHHF—HF complexes. The relative yield of this secondary photolysis product increases
with increasing energy of photoexcitation and is close to unity at 355 nm.

1. Introduction Photochemical reactions of types 2a and 2b were studied earlier
by infrared spectroscogy’ 1! These reactions appeared to
proceed directly, and no intermediates were observed. The

characterization of reactive intermediates; see, for example, theposslbIIIty a'W?‘YS exists for one Qf the F atoms to escape the
review by Jacox.Recently, we have published several papers rea}ctant cage, In th'S. case, we might expect the formation of a
devoted to the study of reactions of mobile F atoms with Pair Of stabilized radicals such as [FMF] or [HF—R®--F].

molecules isolated in solid argon. Our primary interest has been HoWever, until now, this type of radical pair formation has not
the stabilization of open-shell products in reactions of the general P8€n observed. The subsequent recombination of these radical
type?3 pairs could be stimulated by thermal annealing of the matrix or

by photoexcitation of one of the radicals in the pair. We can

E+M—EM (1a) thus _mvestlgate_ the p_oss_lblllty of stimulating recomblnatlor_l
reactions of radical pairs in the ground and excited electronic

F+ RH— R—HF (1b) states. In this study, we have attempted to realize such reactions
in stabilized radical pairs [pN*—HF---F*], which form upon

This type of reaction is made possible by the high mobility of Photolysis of NH—F, complexes in solid argon.

F atoms in argon after generation by photodissociationof F

isolated in the matrix. Kunntu et al. observed that, wheisF 2. Experimental Details

dissociated with light afl < 360 nm, the two F atoms are ) ] o )
practically unhindered by the normal cage effed@he atoms The experimental techniques are similar to those used in our
fly apart and are stabilized in the matrix at a distance-8f-5 previous study:° Dilute mixtures of Ar/f; and Ar/NH; were
lattice periods. Migration of the “hot” atoms and thermal deposited through separate stainless steel vacuum manifolds onto
diffusion of F atoms af > 20 K allows F atoms to react with ~ the surface of a Csl window held at 15 K in a high-vacuum
isolated molecules and enables the observation of reactions ofchamber. A portion of the stainless steel deposition line $r F

Chemical reaction of fluorine atoms in cryogenic matrixes
is an effective strategy for the formation and spectroscopic

types 1a and 1b6 Ar gas mixtures (between the gas metering valve and the cold

In contrast to photolysis of isolatech,Ffphotolysis of [ in window) was immersed in liquid nitrogen during sample
binary M—F, complexes leads to closed-shell products in which deposition to remove impurities formed by reactions in the
all of the atoms are retained in the reaction cage manifold. The composition of typical samples was AfffHs;

=1000/1/1, and in all of the experiments, the mole fraction of

M—F. ™ ME (2a) reactants (Fand NH) was 3x 1072 or less. The gasé4NHs,
2 2 Ar (Spectra Gases, 99.999%FNHs, 1“NDs (Spectra Gases,
by 99.0%), and F(Spectra Gases, 10% in Ar) were used without
RH—F, — RF—HF (2b) further purification. The sample preparation manifold was
passivated by allowing a few Torr of reagent (fluorine or
t Part of the special issue “Jack Beauchamp Festschrift”. ammonia) to rest in the line prior to sample preparation.
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Figure 1. Infrared spectrum of Ar/f#“NHj; after deposition. Difference

IR spectra (a) before and after (b) 2 and (c) 24 min of 355-nm photolysis
at 5 mW/cni. The labeled bands correspond to NHF, reactant
complexes (K), ammonia dimers (DJFN—HF complexesX), [HoN*—
HF---F] radical pairs 2), and NH-HF—HF complexesJ).

3. Results and Analysis

a. Photolysis of NH—F, Complexes at 15 K. Two
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Figure 2. Photokinetics of productg (2), 2 (O), and 3 (O) and
consumption of reactant NHF, complexes @) during 355-nm
photolysis at 5 mW/cr All concentrations are normalized to the initial
concentration of Nig—F,. The sum of the concentrations of the reactant
and productsCy + C; + C; + C3 + C,, is indicated byt. Solid curves
correspond to the kinetics calculated using scheme 7 with parameters
ki = 1.00 mirr?, k, = 0.20 mirr%, ®; = 0.2,®, = 0.55,P3= 0.2, P,
= 0.05,®'; = 0.1, and®’'; = 0.9.

TABLE 1: Infrared Bands and Their Assignments to
Photolysis Products of Ar/R/*NH3z; = 1000:1:1 Sample at
15K

representative regions of the infrared spectrum of a freshly
prepared sample with ArgfiNH; = 1000/1/1 are shown in

Figure 1a. The spectrum exhibits several well-resolved bands
that can be assigned to the Blhiolecule!? The band at 1000
cm™1, labeled D, is due to dimers of NHThe broad band at
966 cnTl, labeled K in Figure 1a, was assigned earlier by
Andrews and Lascoléto the reactant Ng-F, complex. These
authors ascribed the weak absorption at 781 c(tabeled K

in Figure 1la) to the perturbed,Fvibrational mode in this
complex. Our earlier experimental evidence supports their
assignment of these bantls.

Laser photolysis at 355 nm leads to rapid disappearance of
the reactant complex bands at 966 and 781 c(see Figure
1b). This occurs with a characteristic time constant of about 1
min when the average photolysis power is 5 mW/émand

the bands disappear completely after 10 min, as shown in Figure 33g7 g\g

2. Spectra obtained during and after photolysis exhibit the
corresponding growth of four separate series of product bands,
which can be distinguished by their kinetic behavior.

The product bands labelédin Figures 1 and 2 and Table 1
were assigned earlier by Andrews and Lastdtathe molecular
complex FHN—HF. Figure 2 shows that this closed-shell
complex is a primary photoproduct but it also exhibits very slow
growth in the later stages of photolysis, after all of the reactant

complexes have been destroyed. The broad doublet bands af

799/806 and 3180/3206 crhlabeled2 exhibit rapid growth in
the initial stage of photolysis and slower diminution in the later
stages, characteristic of a photochemical intermediate species
Strong bands observed at 3721 and 3450%fiabeled3) grow
initially at a rate similar to that of, but they continue to grow
slowly during the later stages of photolysis wheris nearly
constant an® is diminishing slowly. The growth of a single
band4 at 3626 cm! (not shown in Figure 2) correlates with
the kinetics of reactant consumption.

In our previous papetwe showed that 355-nm photolysis
of NHs—F, reactant complexes in argon occurs with a photo-
chemical rate constant that is 220 times faster than the

productl product2 product3 complex comple®
(FHN—HF) ([HoN*—HF-++F]) (NH—HF—HF) H)N*—HF FHN—HF
513/515 (s)
597 (s)
699 (m, brd)
722 (s) 723y,
750 (s) 75091
799/806 (s) 791/797 (s),
vs/ve
933 (W) 934,
947 (w, brd)

1243 (s) 1244y;
1314 (vw) 1314, 24
1468 (vw) 1465 (w),

2vs5 0Or 2vg
1514 (w) 1512 (W)ya
1568 1568y,
3180/3206 (vs) 3267 (vsha
32691
33895
3450 (vs)
3721 (vs)

aValues from ref 3P Values from ref 10.

photodissociation of isolated,FBecause the photolysis periods
used in these experiments are too short to allow significant
dissociation of isolatedmolecules, the observed products can
be assigned exclusively to reactions of NHF, complexes. We

ave determined the relative yields of the different product
channelsC;, based on a mass balance assuming that the sum
of the product concentrations is equal to the consumption of
the reactant complexea,Co

AC,=C;+C,+C;+C, 3)
Following the detailed procedure described previo@diis
analysis involves determination of the relative infrared absorp-
tion cross sections of the reaction products from four different
spectra in which the relative concentrations of products are
different.

Figure 2 shows the changes in product concentrations
normalized to the initial reactant concentration. An indication
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To.2 time constant for each jump in the random walk through the
lattice ist ~ r?/3D ~ 1 s (o ~ 5 x 108 cm)!! This is

sufficient time for thermal recombination to occur
[H,N*—HF-+-F] — FH,N—HF (6)

To be certain that reaction 6 occurs, we made a series of
experiments utilizing diffusing F atoms formed by photolysis
of isolated K molecules. The analogous experiments were
performed earlier in mixtures with Ar/Ng#, = 1000/1/13 In
this study, we used mixtures with a higher éoncentration,
namely, Ar/NH/F, = 1000/1/3, to distinguish between the

primary reaction 4 and secondary reaction 6 of the diffusing F

3800 3500 3200 1500 1200 900 atoms with isolated NK Reactions of diffusing atoms were
Wavenumber, cm” studied by annealing of photolyzed samples at 20 K. Growth

Figure 3. Difference IR spectra of samples prepared by 355-nm Of the bands of the radical molecule complex\*+HF occurs

irradiation (to produce the maximum concentration of radical @irs  at the beginning of the annealing period. As noted above, these

before and after annealing at 20 K (trace a) and before and after 532-bands are similar to those of band se2gsee Table 1). Upon

nm photolysis (25 min at 5 mW/c(trace b). extended annealing, bands of another product begin to appear.

These bands correspond to reaction produsend grow with a

guadratic dependence compared to growth of thBlI*HHF

complex bands. Such behavior demonstrates that in this experi-

ment, productl is formed in secondary reactions of diffusing

F atoms with the EN*—HF complex. Additionally, it confirms

the assignments of band serz® the complex HN*—HF and

Absorbance

of the accuracy of the values is given by the sum of the relative
concentrations (indicated bl in Figure 2), which deviates less
than 5% from the ideal value of unity throughout the reaction.
The main product of the sequence of photochemical reactions
corresponds to band seri®@ C; = 0.70. The final relative
concentrat?on of produc!l is .Cl = 0.25, and the final of band seried to the complex FhN—HF.

concentration of proc_ium IS es_tlmated to b€, = .0'05' The It should be noted that the strong bands of produat 799/
concentration of th_e '“term?d.'?‘mrea‘:hes a maximum value 806 and 3180/3206 cm shown in Figure 1 are significantly
of C; = 0.35 during the initial stages of photolysis, and
practically disappears during the following 15 min of photolysis
at 5 mwi/cni.

If photolysis is interrupted at the point where the concentration
of intermediate2 is a maximum {2 min of photolysis) and
the sample is subsequently annealed foeBImin at 19-20 K,
the bands of serie disappear almost completely. Simulta-
neously, the bands of seriésappear in their place. No other
changes in the spectra take place under these conditions. Figur
3a shows this thermally activated conversion of intermediate
into productl.

b. Reactions of Diffusing F Atoms with NH; and NH,—

HF at 20 K. In the earlier work of Andrews and Lascdfathe
bands of produciL were assigned to the molecular complex
FH,N—HF, on the basis of a comparison with the calculated
frequencies of FEN and the observe®N/“N and H/D isotopic
shifts. The bands of intermediawere not reported in the

broader than the corresponding bands of thi*HHF complex
formed by the reaction of diffusing F atoms (eq 4). Also, the
bands of the complex shown in Figure 1 at 3180/3206cm
are shifted by 6690 cnt! relative to the HF bands of the
isolated complex (see Table 1). These results demonstrate that
the intermediate bN*—HF formed in photoinduced reaction 5
has a distinct matrix environment compared with the complex
formed by reaction of diffusing F atoms (eq 4). The observed
f)erturbatlons are likely connected with the fact that the initial
reactant complex has a distinct matrix environment (i.e., larger
initial cage size) and with the presence of a second F atom
stabilized nearby in the matrix.

c. Photolysis of HN*—HF Complexes at 15 K.To determine
the relative yield of products—3 from photolysis of the reactant
complexes, we made some measurements of the band intensities
at the beginning stages of the reaction when product growth is
approximately linearly proportional to the photolysis period. For

e_arl_ler WOI’!(. Table 1 shows that the bands_, of se2_|a$e very these measurements, we utilized a much lower laser photolysis
similar to infrared bands that were previously identified as light intensity (1 mW/crd). The resulting normalized initial

arising from the radical molecule complexht—HF, reported —_ — _
in our previous papet,on the basis of FTIR and EPR gl:(ljdqs;ff_pgoggctﬂ 4 were®; = 0.20,0, = 0.55,03 = 0.20,

spectroscopy. These complexes were formed by reaction of
thermally diffusing F atoms with isolated NHholecules during
annealing of photolyzed samplesTat- 19 K

The kinetic curves shown in Figure 2 demonstrate that the
final distribution of products is determined by photolysis of the
intermediate species To determine the relative product yields
. from photolysis of intermediat2, we photolyzed samples using

F+ NH; = H,N'—HF (4) four different wavelengths of laser light (633, 532, 355, and
] ) - ) ) 266 nm). In these experiments, the initial 355-nm photolysis
In reaction 4, the complex4Nl*—HF is stabilized in argon lattice period was sufficient to consume the reactant complexes
sites previously occupied by NHnolecules. The same complex completely, and the concentration of compwas past its
is formed upon photolysis of N&+F, complexes if the partner 1 avimum (approximately 7 min as shown in Figure 2).

F atom is stabilized outside the initial reactant cage Subsequently, we photolyzed intermedigeuntil it was
b completely consumed. We observed tBas photolyzed even
NH;—F, — [H,N"—HF:+-F] (5) by 633-nm red light from a HeNe laser, resulting in the

formation of final productd and3. The relative yields of the
Such radical pairs [BN*—HF---F] should recombine at tem-  two products are given in Table 2 for the four different
peratures where F atoms are mobile. The estimated diffusionwavelengths used. A representative spectrum showing the
constant of F atoms at 20 KB~ 3 x 107 15¢cn? s7%, and the changes induced by the secondary photolysis at 532 nm is
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TABLE 2: Wavelength-Dependent Quantum Yields of .
Products 1 and 3 Formed by Photolysis of [HN*—HF-:-F°] .
Radical Pairs }'05
wavelength (nm) (OF] (O3
633 0.38 0.62 (a)
532 0.20 0.80 R
355 0.07 0.93 8 . 5
266 0.02 0.98 s
Q
presented in Figure 3b. Upon photolysis at any of these g (b)
wavelengths, the bands of prod&tare much stronger than < .
those ofl. At 633 nm, the relative yield of produtis ®'; = 2 ¢
0.60, which increases monotonically®; = 0.98 at 266 nm.
It should be noted that this distribution of products is very (c)
different from that of the thermal recombination reaction, which
forms only productl, as shown in Figure 3a.

d. Kinetic Analysis and Assignment of the Infrared Bands.
The observed data show that the photolysis of reactant com-
plexes gives predominantly intermedi&and the subsequent ) )
photolysis of this intermediate determines the final distribution F;]go‘ig‘?néu ngfféig‘rfbi'satti’g:‘é? r‘;fd%ﬁdugé'ﬁ]bgéﬁ’l)e?&“n‘igi% @
of productsl, 3, and4. Such a photochemical process can be [rr i Pe MR Laiin O T eperimental”
described by a simple kinetic scheme that includes photolysis .onditions correspond to those of Figure 3b.
of reactants and intermedia®e The kinetic rates are

3800 3500 3200 2900 2600 2300
Wavenumber, cm’

TABLE 3: Infrared Bands of Isotopomers of Product 3

dCo/dt =~k Co UNH—HF—HF 5NH—HF—HF ND—DF—-DF
dC,/dt = k,®,C, + k,®',C, 512.0/514.0 (s) 513.0/515.0 504.0
597.0 (s) 597.0
_ 669.0 (M, brd) 669 719.0
dColdt = ky®,Co — kG @) 947.5 (w) 9475
3449.5 (vs) 3449.5 2546.0
dCy/dt = k,P,C, + k,P',C, 3721.0 (vs) 37215 2734.0
dC4/dt = kl(I)4C0 400'(NH3+ ¥
. N 3001 }%
The initial conditions ar€y(0) = 1, C1(0) = C,(0) = C3(0) = _
C4(0) = 0. The photochemical yields are normalized such that g ZOO'E 3’=°'55 E gl —0——¢ g
Dy + Oy + By + Dy = 1, @1 + '3 = 1, and the 3 100{" S8 g B e
photochemical rate constants are giverkbys 1/71, ko = 1/t5, 3 ol AN N el = ¢
Kinetic scheme 7 has a straightforward analytic solution, and g’ NH,+F, \ [H,N-HF..F]; :
the kinetic curves shown in Figure 2 were calculated using the §-100- 000 NH-HF-HF ' 1
rate constantk and yields®; determined in separate experi- 200 recombination .
ments (vide supra). The analytic solution gives the final product \2 020 ; T>19K "\
distributions a<C; = @1 + ®,®; andCs = @3 + ©,P3, which -300 1 NH,F-HF

are in good agreement with the experimental observations (as
shown in Figure 2).

Band serie$ was observed earlier by Andrews and LaséBla.
The two strong bands at 3450 and 3721 émwere attributed vibrations, and all of the bands of seri@have to be assigned
to two conformational isomers of the molecular complexIRH to a molecular complex containing two HF molecules, NH
HF. However, an alternative assignment is to one complex HF—HF. Infrared bands of NHHF—HF generated by pho-
containing two HF molecules (e.g, NHHF—HF). We have tolysis of Ar/R/1*NHs, Ar/F2/"5NH3, and Ar/R/*ND3 samples
observed that, under various experimental conditions (e.g., are listed in Table 3.
different photolysis wavelengths), the two bands always have The yield of NH-HF—HF that is formed directly from
the same intensity ratio. Andrews and Lascola noted somereactant complexes is relatively low, about 20% according to
changes in the intensity ratio, and therefore made the assignmenbur kinetic analysis. Also, the yield of this product is negligible
to two different species. However, we have not observed suchin the thermal recombination reaction of JM—HF---F].
changes. Additional evidence that prod@ctloes not contain However, NH-HF—HF is the main product formed from
the NH,F moiety comes from the our failure to observe any photolysis of [HN*—HF---F*] radical pairs, as shown in Table
bands in the region 1261600 cn1?, which would correspond 2.

Figure 5. Energy diagram of photoinduced reactions of {Nif,
complexes.

to thev, andv; bending modes in NHF. To provide a definite Unfortunately, we were unable to make a definitive identi-
assignment of infrared bands at 3450 and 3721 %cia series fication of the minor produc#, which accounts for 5% of the
of isotopic substitution experiments wittNHz; and'ND3 was overall product yield.

performed. Figure 4 shows IR spectra of the products in samples Bearing in mind these spectroscopic assignments, an energy
Ar/Fa/**NHs, Ar/F,/**NH3, and Ar/R/¥*NDs in the spectral diagram of the major species involved was prepared as illustrated
region of selected bands. The two bands exhibit no shift with in Figure 5. Energies of the reactant and product species NH
15N substitution, but have large shifts in the deuterated samples.NH,, NH, and HF were taken from known enthalpies of
Therefore, both bands have to be ascribed to HF molecular formation14 Energies of NHF and the NH—HF complex were
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determined by the use of ab initio calculations using the FH,N—HF. This F+ NHy recombination channel in solid argon
Gaussian 98 program package [B3LYP/6-3HG(3df,2p)]1° is exactly the opposite of that in the gas phase, where the
The main channel of photodissociation of reactant complexes formation of NH and HF was observed earlier and direct
is formation of radical pairs, reaction 5. Alternatively, both hot abstraction of the H atom was suggested.
F atoms can react with NHn the reactant cage, forming the 3. Electronic and vibrational excitation of NHin [HoN*—
products FEN—HF and NH-HF—HF with approximately e radical pairs induces the return of the F atom and its
qual yields. This situation Is to be contrasteq with the case in reactions. The dominant product of these reactions is the NH
which two thermally diffusing F atoms react with Nitb form HF—HF complex. The relative yield of this product increases

only the thermodynamically favored addition product,,RH . . o . -
HF. If reaction of the second F atom is stimulated by photolysis \;Vt't/? an;rggs{:rrl? energy of photoexcitation and is close to unity

of the intermediate species jN°—HF-:-F], then the main i . ) o
reaction is H-atom abstraction. The yield of this product 4. Deuterium and®N isotopic substitution results allowed

increases with increasing photon energy (decreasing wave-the definitive assignment of infrared bands of the NHF—
length). HF molecular complex, which was identified for the first time.

e. Reaction F+ NH»* — NH + HF. As shown above, the
thermal reaction F- NHy* gives only the addition product, Acknowledgment. This paper is dedicated to Jack Beau-
NHzF. The energy diagram in Figure 5 indicates that this is the champ on the occasion of his 60th birthday. Financial support
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