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In this paper we describe the mechanism of the photodissociation of i@BRarious solvents. We have
monitored and identified the intermediate species and determined the growth and decay rates of the excited
states and metastable species formed during the photodissociation process by means of ultrafast time-resolved
spectroscopy. On the basis of the experimental data presented in this paper, the observed transient spectra
and species have been assigned to the stabilized solvated ion pait {8B1)so.

Introduction radiolysis experiments are sufficiently energetic to ionize both
the solvent used and CBISubsequently, the solvent transfers

The vast majority of research concerned with the photochem- its charge to CBf, generating the CBF cation. The ground

istry of alkyl halides has been devoted almost exclusively to state of CBy* produced directly by the FranelCondon

the photolysis and reactions of _Q,CHoyvever,_the study Of. ._ionization of CBy, is predicted by DFT calculatiohsto be
bromoalkanes has been increasing quite rapidly because it is

) . ; .~ “unstable with regard to CBr and Br. It has also been shown
now realized that they have as great a potential to dissociate g Bt

kvl chloridek? Radiolvsi iments h h that assisted by JahkfTeller distortion, CBj" is unstable and
?hzotnelkalsr? I'ilj ¢ or:j -a IIIO ys”|(s Ie[;(perl_rgen_s alvet_s ?]Wn dissociates directly into products. Direct ionization of gas-phase
at alkyl halides and especially aikyl bromides in solution have cp, 1 cgp+ 4 gr- requires 10.27 eV’ or 9.85 eV calculated

1 cros-secon o lecon calure, hich e Ut yom Co ragmentaon Gl Threlore, s assumed
9 P otolysis or radiolysis of CBrwith energies 10.27 eV and

ions. I;i%h;engrgy(;elsctrjﬁ .at?]d two-p_hoton etx:ggtion _offCQ:I q above will yield CBg* + Br~. Using the 10.27 eV value for
revear that a broad band with a maximum & NM IS TOrmec: photoionization of CBrand 2.44 eV for the €Br bond

tlmmgd|ately after .exclltzpon.tr'll' h'éé’lan? Tgs b(;een attrlbuted dissociation energ}® the CBg' ionization potential was
O various species, Inciuding the catior and a charge- estimated by DFT calculations to be 7.87 €V.

78
traqu]::;a'glczzp;?)é:tgtyxerigtﬁ?:dd?ﬁe ane (MCH) solution In this paper we present data that show that a broad,
0lysS ! yi ey xane (MCH) solut structureless transient absorption band with a maximum at

¥V'th go-ns hlgh-energyt;ele%tron pulses a;)low tgmptte)ratgres \;1vas470 nm is formed after one-photon, 266-nm excitation of LBr
oun: to generate a broa tran5|§nt absorption an wit qina7.5x 103M CBry/cyclohexane solution. It will be shown
maximum at 470 nm that was a55|gne_d to th_e£(cbt|on of that the data support the assignment of this band to a solvent-
the solvent-separated ion pair (GOICI™) son*"** stabilized solvated ion pair (CB1/Br-)

Two 266-nm photon direct photoionization of liquid GCI P solv:
has been reportétkven though the ionization potential of liquid
CCly is 11.47 eV and the energy of a 266-nm photon is
4.66 eV. The transient absorption band formed by this nonlinear ~ The experimental results on the photolysis of CiBrsolution
process was reported to have a maximuny490 nm and was  presented in this paper were obtained at room temperature in
assigned to the Cef CI~ solvated ion paif.However, single- various solvents. The solvents were selected to be either polar
photon dissociation experiments in solution and formation of or nonpolar, act as cation or radical scavengers, and have
radical ion pairs have not been reported up to now for either ionization potentials higher than 10.27 eV and therefore could
CCl, or CBry in solution. not be ionized by one- or even two-photon, 266-nm (4.66 eV)

Radiolysis experiments have been performed in solutions excitation. The ionization potentials (IPs)of the solvents used
of CCl, in various solvents. These experiments were aimed at are listed in Table 1. All solvents were spectroscopic grade;
understanding the effect that temperature, cationic scavengersCBr,4 (Aldrich, 99.99% pure) was used without further purifica-
and electron scavengers have on the products of radiolysis andion. The experimental system which has been described
their influence on the reaction mechanism. Lately, £Br previoush° consists of picosecond and femtosecond lasers, and
photochemistry has been pursued with increasing interesta charge-coupled device, CCD, was used to detect the transient
because of the tendency of its photolysis products to react with time-resolved spectra. The Csolution was excited either by
chlorine in the stratosphere and promote chlorine radicals thata fourth harmonic, 266-nm pulse of a picosecond Nd/YAG laser
contribute to maleficent atmospheric reactidéh%CBr, photo- or by the third harmonic, 267-nm pulse of a Ti/Sapphire
dissociation in the gas phase has been studied by excitation withfemtosecond laser. The energy of these pulses is sufficient to
193-nm photons emitted by an ArF excimer ld$eand in induce photodissociation (266 nm 4.66 eV, C-Br bond=
solution using high-energy electron radioly8iand excimer 2.44 eV) but not CByionization which requires 10.27 eV. The
laser photolysid® The high-energy electrons used in the power of the laser pulses was sufficiently low to eliminate the
possibility of two-photon transitions and allows only single-

* Corresponding author. E-mail: pmrentze.@uci.edu. photon dissociation. The inset of Figure 1 shows that the
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Figure 1. (1) Absorption spectrum of CBrin cyclohexane. 400 450 500 550 600 650 700 750 800
(2) Transient absorption spectra of GBn cyclohexane recorded wavelength(nm)
100 ps after excitation with a 266-nm pulse. Inset: Intensity dependence Fi ; .

h . gure 2. Transient absorption spectra of GBn cyclohexane at
of (2) on 266-nm pulse intensity. Slope 1.01. room temperature excited with a 266-nm laser pulse, recorded at
(a) =13 ps, (b) 0 ps, (€)13 ps, (d) 27 ps, (e) 40 ps, (f) 53 ps, (9) 67 ps,
(h) 133 ps, and (i) 200 ps after excitation (from bottom to top).

TABLE 1: Properties and Kinetics of CBr4 Transient in
Various Solvents

solvent properties transient kinetics
solvent c IP(eV) Tie(PS) Tdecay(NS) the CBu dissociation. However this assignment may be
excluded, because Cgnas been reported not to have absorption

gygélgg:rfgne ggi g'gg gg iﬁg: in the visible region of the spectruthDuring the early times
1-octanol 10.25 ' 25 0.443 after excitation,<10 ps, a transient absorption appears with a
2-propanol 20.18 10.16 24 0.164 maximum in the 425-nm region, which is probably due o S
acetonitrile 36.64 12.22 56 35 — S, excited-state absorption. The short decay lifetime of this
propylene carbonate  66.14 58 5.4 band and its shift to the 480-nm band at the same rate as the

formation of the 480-nm transient suggests that it may be its

absorbance of this transient depends linearly on excitation precursor. Because the ionization potential of £Brmuch
intensity, which indicates strongly that the photolysis was higher than the 4.66 eV energy of the exciting 266-nm photon,
performed by a single-photon process. Excitation of ax.5  assignment of the 480-nm band to direct ionization to ££Br
1073 M CBr4/cyclohexane solution with a 20-ps, 266-nm pulse (10.2 eV}’ or directly from CBy to CBrz* (9.85 eV) may also
is expected to photodissociate GBy CBr; + Br. The concerted be eliminated. Figure 2 also shows that the intensity of the
dissociations to CBr+ Br + Br or to CBr + Br, are not 480-nm transient remains constant for several hundred nano-
considered as equally probable and, as stated previously theseconds and then, as listed in Table 1, decays with a micro-
photon did not contain the energy necessary to ionize,@Br  second lifetime. From the time-resolved spectra presented in
CBr4™ or CBrst cations. After excitation, a broad structureless Figure 2, we estimated the rate of formation of the 480-nm
transient absorption band with a maximum at 480 nm was intermediate to be 1.% 10'°s™1. The rationale for such a fast
observed. The spectrum of this transient recorded 100 ps afterformation rate is discussed when we propose assignment of this
excitation of CBj in cyclohexane is shown in Figure 1. The band.
spectrum consists of a broad structureless band with a bandwidth ~ Similar experiments were performed in a solution of .5
of ~170 nm and a wavelength maximum located at 470 nm. 10-3 M CBr, in dodecane. The transient spectra recorded at
The characteristics of this band are strikingly similar to the various times after 266-nm excitation and shown in Figure 3also
transient band observed in the “two-photon” photoionization consist of a broad, structureless absorption band with a
of CCly.5 maximum intensity at 480 nm and formed with a rate of 2.6

The formation of the CBy photolysis intermediates was 10'*°s ! and a decay lifetime of aboutds (see Figure 3 inset).
monitored by means of transient time-resolved spectroscopy, To establish the nature of the 480-nm transievé photo-
and their spectra, displayed in Figure 2, are in the form of change dissociated CByrin several additional solvents that are known
in optical density,AA vs 1 at various times after excitation. to be ion or radical scavengers but that vary in polarity. The
This figure shows that @t = 0 ps a new absorption band is dielectric constants of the solvents used are listed in Table 1.
formed with a maximumAA = 0.03 at~425 nm. Att = 13 ps Ethanol and other alcohols are known to be cation scavengers
the band increases in intensity, and its maximum shifts to longer that operate by proton transf&We excited CBy in 7.5 x
wavelengths. At = 100 ps it consists of a broad, structureless 102 M ethanol and 2-propanol solutions and recorded their
band extending from 400 to 600 nm with a bandwidth, FWHM, transient spectra. For 2-propanol, we observed initially a
of 125 nm, while its intensity has reached a valueAd§ = transient absorption band with a maximum-~a440 nm and
0.37 and its maximum has shifted to 480 nm. The spectra shownAA of 0.045. The absorption maximum shifts with time to longer
in Figure 2 maintain the same shape and wavelength maximumwavelengths, achieving a maximum absorption intensity of
from about 100 ps after excitation to abou4, suggesting 0.165AA at 540 nm, 60 ps after excitation. The data depicted
that the intermediate species assigned to this band is ratheiin Figure 4 show that in 2-propanol the decay rate of the
stable. Possible assignments for this absorption band includetransient increases from 4 2.3 x 10° s71, which is the result
the CBg radical, which is expected to be an initial product of of the high reactivity of the alcohol with the transient species.
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Figure 3. Transient absorption spectra of GBn dodecane excited
with a 266-nm pulse, recorded at (a0 ps, (b) 0 ps, (c) 20 ps,
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Figure 5. Transient absorption spectra of GBm acetonitrile excited

(d) 40 ps, (e) 60 ps, and (f) 100 ps after excitation. Inset: Formation With a 266-nm laser pulse, recorded at {&)3 ps, () 0 ps, (c) 40 ps,
(d) 67 ps, and (e) 100 ps after excitation. Inset: Formation and decay
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Figure 4. Transient absorption spectra of GBn 2-propanol at Figure 6. Transient absorption spectra of Gi propylene carbonate

room temperature excited with a 266-nm laser pulse, recorded at 5t room temperature excited with a 266-nm laser pulse, recorded at

() —33 ps, (b) 0 ps, (c) 20 ps, (d) 40 ps, and (e) 60 ps after excitation (3) —33 ps, (b) 0 ps, (c) 20 ps, and (d) 80 ps after excitation Inset:

(from bottom to top). Formation and decay kinetics.

Highly polar solvents such as acetonitrile and propylene red-shifts almost linearly with the value of the solvent dielectric
carbonate (see Table 1) are known to interact with almost any constant, Figure 7. Polar solvents also induce shorter decay
ion that might have been formed by ionization or charge transfer lifetimes and lower transient stability than those measured for
to generate fast-decaying intermediate species. Under the samaonpolar solvents. These results strongly suggest that the
266-nm excitation conditions as with cyclohexane and alcohol, 480-nm intermediate is a cation.

a 7.5 x 1073 M CBrg4acetonitrile solution and then a 75 We must therefore account for the formation of a cation,
102 M CBr4/propylene carbonate solution produced the time- because direct formation of ions is not feasible when one
resolved transient spectra shown in Figures 5 and 6. They consistonsiders the energies of the exciting photon, 4.66 eV, and the
of a single rather weak, but very broad, absorption band with a 10.2 eV ionization potential of CBr Similarly, there is not
maximum at 635 nm that is formed with a rate of 18 sufficient excess excitation energy to ionize the @fwdical to

109 s71 and decays with a lifetime of 3.5 ns. The formation CBrs*, which has an ionization potential between 7.5%ahd
rates of these intermediate species are essentially the same a&.87 eV’ In addition, the excitation energy used in our
the ones observed for the nonpolar hydrocarbons used asexperiments is also inadequate to excite or generate ions of the
solvents; however, the decay lifetimes are orders of magnitude solvent, which if formed could generate bromoalkane ions by
faster. In addition, the absorption bands of the polar solvent charge transfer. Rise and decay lifetimes of the {gBiotolysis
transient species were found to shift toward longer wavelengths transients in the various solvents used are also shown in Table
that resulted in very broad structureless bands, extending from1. Cyclohexane and dodecane are both nonpolar solvents with
~450 to ~800 nm with intensity maxima located in the ionization potential values about equal to those of £Br
635-nm region. Our data suggest that polar solvents generatesolution, while ethanol, acetonitrile, and propylene carbonate
intermediate species whose maximum absorption wavelengthare polar molecules with ionization potentials slightly higher.
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680 — T T T T T T 1 dissociation process of CBin solution forms CBg" cations
660 ] by either of the following two processes.
g 640 - "5 =6 ] 1. Even though direct ionization of CBmn the gas phase
< | | with one 26-nm photon is not energetically feasible, the solvated
& 620 . excited state of CBrmay dissociate to CBf + Br~. Both of
S 600 ] these ions are stable, and the solvation energy could be large
8 1 1 enough to dissociate the excited species to the two ions. The
£ 5807 ] fact that the formation rate of the 480-nm species is .7
£ 560+ - 10% s71 argues against this mechanism.
é 540 - ] 2. The excited CBydissociates to CBrand Brl>2However,
%5 ; 4 1= Cyclohexane . the ground-state gas-phase gBxdical absorbs in the 270-nm
£ 5207 2= dodecane ] region, and therefore it is not expected to absorb in solution in
£ 5001 ", 3= 1-octanol i the 480-nm region. In addition, it is thought to be very short-
T 1 a2 &= Z-bropanal 1 lived; therefore, it is excluded from being th i ibl
o 0l B 5= acetonitrile ] ived; therefore, it is excluded from being the species responsible
g 1 1 6= propylene carbonate ] for the long-lived 480-nm spectrum. The electron affinity of
460 T T T T T T 1 Bris —3.36 eV and its electronegativity is 2.96 eV; GBwrhich
0 120 30 40 S0 60 70 has been studied by IR in inert matrix@shas an electron
Dielectric const. (¢) affinity value of +0.57 eV and electronegativity value of
Figure 7. Maximum absorption wavelength of the GBshotolysis 3.74 eV and is known to be a highly polarizable species. The
intermediates as a function of solvent dielectric constant. 0.57-eV spin unrestricted electron affinity of GBuggests that

this radical may easily be induced by electrostatic forces in

. . . . __solution to transfer an electron to bromine and generate an ion
Time-resolved transient absorption data show that a transient__. 9

Lo . ) T pair
species is formed immediately upon excitation; therefore . ) L . .

diffusion-controlled reactions, which occur orders of magnitude Ther(Iefore, while ?Bgfand Br St'g r(_aS|de n thtzlrgormatm:n
slower, may be safely eliminated. The transient absorption cage, electron transfer from C&o Br is promoted that results

spectra in all solvents are composed of a broad structureles.{(ﬂ the formation k())f thetlogl pair, CBr Er*.. li? the free forrln i
band; however, the shape and location of the absorption band € 10N pair may be unstable or recombine, NOWEVET, In solution
a dipole is induced in the nonpolar cylohexane by the charge

maximum was found to depend on the solvent, as is its rate of field of the ion pair, and the solvent dipoles align around the
formation and especially the decay lifetime. The g¢Bansient . - h pai, P gn aroun
ion pair, providing the energy needed for the stabilization of

spectra in acetonitrile and propylene carbonate solutions are ’ : .
L . LS the now-solvated ion pair. To separate and prevent recombina-
shown in Figures 5 and 6, respectively, and their kinetics are .. ; )
tion of the charged ions, solvent molecule(s) are imbedded

depicted in the insets in the formMA vs time (ps). Close . . S
examination of the 480-nm transient absorption bands in various between the anion and cation, thus stabilizing further the now-
p solvent-separated solvated ion pair, (8Br)sov. Because

solv_ents, shqwn n Flgures—_ZB, _reveals_ that_ the a_lbsorptlon the induced interactions are related to the distance Bythé
maximum sh|fts.t_o the.red W'th Increasing dlglectnc constant, oo crostatic interaction, the formation of the ion pair is only
Figure 7. In addition this transient absorption in polar solvents feasible while CBs and Br are still in the solvent cage.
becomes very broad, void of_structure, and rather symmetric. Therefore, owing to their close proximity in the cage, the
As the polarity of'the solv'ent increases, the 45Q-nm maximum relatively fast formation of the ion pair is expected. At slower
that appears during the first 10 ps after excitation disappears, oas of formation the radicals may diffuse out of the cage,
as shown in Figures 5 and 6 for acetonitrile and the very polar making charge transfer from one radical to the other very
propylene carbonate solutions, respectively. The 2-propanol and,eficient if not impossible. If the two ions CBF and Br- are
ethanol transient spectra appear to form band maxima at about,; separated by one or more solvent molecules, they will
675 nm, several picoseconds after excitation, confirming that a gcombine with rate orders of magnitude faster than the

cation-scavenging process takes place between the solvent ang,easured microsecond decay lifetime of the 480-nm transient
CBr4 photolysis products. The above data suggest that the absorption band.

480-nm spectrum is due to a cation, which in cyclohexane
solution and other nonpolar solvents decays with a lifetime of
2 us. The long lifetime of this transient tends to eliminate the
assignment of this absorption band to excited states absorption
and its assignment to the CPradical is excluded because it o their cage. Energetics also support the formation of the
gbsorbs mn thg UV regiofi The_fe?‘C“P” of this 480-nm (CBrs*//Br~)soy SOlvent-separated ion pair: the dissociation of
intermediate with polar solvents, its lifetime, wavelength, and CBr, to CBr; and Br requires 2.44 e and the ionization
shape of its spectrum suggest that the 480-nm band belongs t‘botential of CBg is 7.5 eV18 The electron affinity of Br is

a transient cation. 3.36 eV; therefore, the in-cage charge-transfer reaction

Even though we represent the 480-nm species as a complete
cation and anion witht-1 and—1 charges, respectively, there
is a possibility that they exist in a (CBe-// Bro~)soy type of
dipole form and achieve complete charge as soon as they escape

Direct ionization of C leads to CX* (where X= halogen), CBrs:Br — CBrst Br requires 4.14 eV, while the complete
which is known to be unstable and to dissociate immediately reaction CBs — CBrs™ + Br~ is endothermic by 6.58 eV. The
to CXs™ + X.225The thermodynamic instability of CBr and electrostatic solvation ion-pair energy is—280 kJ/mol, as

the fragmentation of the parent ion to form GBis predicted calculated by Gremlitch at &?.for the electrostatic solvation
also by DFT and is supported by the absence of,CBr mass energy of (CGI™//CI™ )soy Or —2.90 eV/mol, which reduces
spectroscopic data of CBrDFT Gaussian calculatiofe627 the energy required to form the solvated ion pair to 3.68 eV.
have shown that the CBr cation is stable in the gas phase, The energy of the exciting 266-nm photon is 4.66 eV, therefore,
and its detailed structure has been determfié8On the basis  there is sufficient energy to form the (CBI/Br-)sqy ion pair

of experimental data, we propose that a 266-nm one-photonwith a single 266-nm photon. The argument on energetics
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requires that the excess energy of the exciting photon above  (2) Schall, C.; Heumann, K. Gzresenius’ J. Anal. Chen1993 346,

- 717.
the C.Br bond energy (excess_ enngy4'.66 eV_ 2'44 eV) (3) Hamill, W. H. In Radical lons Kaiser, E. T., Kevan, L., Eds.;
remain as electronic energy in the radical pair, which is the | ierscience: New York, 1968.

available energy for the process leading to the solvent-separated  (4) Willard, J. E. InFundamental Processes in Radiation Chemistry
ion pair. It is conceivable that the short-lived transient observed Ausloos, P., Ed.; Interscience: New York, 1968.

at 425 nm is an electronically excited GBadical. As noted 118,(3)59')\Myasaka' H.; Masuhara, H.; Mataga, Ghem. Phys. Letfl985

before, ground-state CBhas no absorption in the visible. The (6) Guarino, J. P.; Hamill, W. HJ. Am. Chem. Sod 964 86, 777.
structure of the CBf radical ion formed during the bro- (7) Louwrier, P. W. F.; Hamill, W. HJ. Phys. Cheml969 73, 1702.

momethane photolysis in solution is not known. There have 83 g%"g::’z‘ﬂ JH FL’JR~a|(3ﬁ§rt{|eFr)h)F/eS'éhgnr?ygs&cri}rigga a7 3267
been, however, a limited number of theoretical calculations of (10) Buhler, R. E. Funk, W, Phys. Chemi978 79, 2098

the CBg and CBEg" structures in the gas phake 2’ (11) Buhler, R. E.; Hurni, BHelv. Chim. Actal978 61, 90.
The experimental data presented in this paper strongly uphold  (12) Molina, M. J.; Molina, L. T.; Kolb, C. EAnnu. Re. Phys. Chem.

i i ; ; 1996 47, 327.
our aSS|g_nment of the 480 nm_tranS|ent absorption band to the (13) Yung. Y. L. Pinto, J. P.: Watson, R. J.: Sander, SJ.PAtmos.
solvated ion complex (CBF//Br~)so formed after the 266-nm  g.i"198q 37, 339.

excitation of CBj in solution. In addition, the CRBrneutral (14) Petro, B. J.; Tweeten, E. D.; Quandt, R. WPhys. Chem. 2004
radical does not absorb in the 480- nm region, and there has108 384.

: : : _ 9 (15) Shoute, L. C. T.; Neta, B. Phys. Cheml99Q 94, 2447.
been no evidence that the contact ion pair £€ll- is stabl@ (16) Sam, C. L Yardley, J. TChem. Phys. Let1.979 61, 509,

and no reason to expect that the @BBr~ ion pair is stable. (17) Miguel, B.; De La Vega, J. M. GJ. Quantum Cher2003 91,
We also showed that cation scavengers affect strongly the414.

spectra and kinetics of the 480-nm intermediate species. Data_ (18) Kime, . J. Driscoll, D. C.; Dowben, P. Al Chem. SogFaraday
on the radiolysis of chloroalkanes agree with our experimental ""(1q) “king,'k. D.: Golden, D. M.; Benson, S. W. Phys. Cheml971

data and our assignment of the 480-nm photolysis intermediate7s, 687.

to the solvent-stabilized (CBt//Br~)sq ion pair. On the basis (20) Dvornikov, A. S.; Desvergne, J. P.; Oulianov, D. A.; Bouas-Laurent,
of experimental IR CBy data a pyramidal structure has been H-?(Sle)”{fvzgﬁi’of"\/\')’_';H%’éfv\t‘:"'sﬁc}ﬁ%?al, ?;édzigtz.oﬁ’hys. Chent083
proposed for this radical. We are performing time-resolved X-ray »1 239,

absorption experiments, which should reveal the structure of (22) Buchanan, J. W.; Williams, B. Chem. Physl966 44, 4377.

the CBu photolysis transients in cyclohexane and determine _ (23) Walter, T. A.; Lifshitz, C.; Chupka, W. A.; Berkowitz, J. Chem.

! o Phys.1969 51, 3531.
the structure of the solvated GBrcation and its distance from (24) Deutsch, H.; Leiter, K.; Mark, T. Dint. J. Mass Spectrom. lon

the Br~ ion. Proc. 1985 67, 191.
(25) Kaufman, J. J.; Kerman, E.; Koski, W. Bt. J. Quantum Chem.
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