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Abstract

The intersecting-state model (ISM) is applied to the calculation of absolute rate constants for proton-transfer reactions of naphthols and
substituted naphthols in the first singlet state and for ground states. ISM incorporates quantum—-mechanical tunnelling, zero-point energy
corrections and an electrophilicity parameter to account for the lowering of the binding energy of transition states. Good agreement with
experimental rates is observed over 12 orders of magnitude. The lower reactivity of the photoacids in alcohols when compared to the
behaviour in water can be accounted for the differences in the potential energy curves of the OH bonds. Patterns of reactivity with respect
to free-energy relations and kinetic isotope effects are also discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction A quantitative measure of the electronic reorganisation is
given by an index proposed by Parr et[&él, that we found

To put it in a metaphorical perspective, we aim to under- convenient to represent g
stand not only the structure and tectonics of the chemical I+ A
reaction, but also its urbanism related with the concept m = —— (2)

; o . e . I—A

of reaction families. Fifteen years after its first publica-
tion [1], the intersecting-state model (ISM) has developed wherel represents the ionisation energy ahthe electronic
into a unified theory for the understanding of fundamental affinity of the atom A (or C), that ranges typically between
concepts of chemical reactivity at both pedagogic and quan-1 and 2. When applied to stable molecules, the numerator
titative levels[2-5]. ISM combines the qualitative insight is proportional to the absolute electronegativity and the de-
of structure—kinetics relationships with the quantitative nominator is proportional to the hardness. WHeand A
approach of reaction rates theoretical chemistry. refer to different atoms (or radicals), the electronic param-

Quantum-mechanical tunnelling, zero-point energy cor- eter accounts for partial charge transfer that contributes to
rections and more quantitative electronic parameters werelowering of the binding energy of transition states.
recently incorporated in ISM. In particular, the electronic  Proton-transfer reactions both at ground and electronic
parameter measures the electronic reshuffling attending aexcited states continue to attract a great amount of inter-
bond-forming—bond-breaking process. In a simple reaction est among theoretical chemists, both at ab initio and DFT
of this type, levels. What are the sources of barrier formation or lack

of it on ground state proton transfer (PT) and excited state

A+BC—AB+C @ proton transfer (ESPT)? Is there a role for charge transfer
ionic valence structures in these kinds of reactions or are
proton transfers better characterised as the transfer of a
neutral H-atom? Does tunnelling play a significant role in
the kinetic isotope effects (KIE) or are they just the result of
_— o zero-point energy differences? Do solvent molecules medi-

* Corresponding author. Present address: Escola Superiorétei€ie
Tecnologia, Universidade dica Portuguesa, 3504-505 Viseu, Portugal. E_lte the transfer of the proton? Those are_ some of the ques-
Tel.: +351-329-852-080; fax:-351-239-827-703. tions that we would like to address here with respectto ESPT
E-mail address:sformosinho@qui.uc.pt (S.J. Formosinho). in fast and ultrafast photoacids of naphthols and substituted

the electronic parameter reflects the shift in electronic den-
sity between the atom (or radical) A and the atom (or radi-
cal) C when they approach the transition state configuration.
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naphthols that constitute one of the most important classesThe transition state is located at the maximum energy along

of photoacidg7]. this reaction pathymax = AV¥. The transition state bond
order can be converted in the transition state nuclear con-
figuration by generalising Pauling’s relatighO] between

2. ISM methodology bond order and bond length

For a simple bond-breakingoond-forming reaction of lgc —lBceq= Cl/(lBC,eq—i-lAB,eq)'”(”gc),
the kind represented [ig. (1) reactants and products canbe f / i
representepd by two r%?ergtiél energy cuer;), displaced I — 1aB.eq = a (lBC.eq t IaB,eq)IN(125) ®)
vertically by the reaction energpV°, and horizontally by  The scaling byal(lsc,eq + [aB.eq) results from the fact that
the sum of the bond extensions of the two reactive bonds, BClonger bonds will stretch out more from equilibrium to the
and AB, as shown iifrig. 1 We use the correlation between transition states configurations than shorter ones and that the
the changes in reactant and product bond orders, to define aransition state involves two bonds (BC and AB). The value
reaction coordinate of the constand’ is estimated from the PES data fortH>
reaction,a’ = 0.182]5].

Morse curves are realistic representations of the forces
which varies from 0 in the reactants to 1 in the products. This acting on the nuclei of diatomic molecules as functions of
is identical to the reaction co-ordinate of the BEBO method their internuclear distances, for configurations close to
[8], and is known to agree well with the actual minimum €quilibrium,lsc eq andlag,eq. For reaction (1), we will em-
energy path for a variety of potential energy surfaces (PES) Ploy the Morse curves of AB and BC to obtain the mini-
5]. mum energy profile oEq. (4) However, as the transition

BEBO and Agmor-Levine models define energy profiles  State configuration is approached, we can have an increased
along the reaction co-ordinate where a function describing Mixing of the wave functions describing the fragments AB
the energy dependence of a fragment (BC and AB) is mul- @hd BC. When this mixing is strong, the potential energy

tiplied by its bond ordef9]. We use a similar description ~ curves are strongly rounded off in the crossing region and
for our minimum energy profile, the height of the barrier is also strongly reduced. This effect

can be accounted for by an appropriate electronic parame-
Vmep(n) = (1 —n)Vec + nNVag +nAV? (4) ter, m, described before. Accordingly, the Morse curves of

n=nag =1—npc 3)
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Fig. 1. ISM potential energy diagram for proton transfer of 5-cyano-2-naphthol in wﬁeis the sum of bond extensions of reactant and product to

the transition state configuration. The reaction enekdf was obtained from the experimentalG® values, making corrections for zero-point energies,
concentrations and statistical factors.
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the isolated fragments must be modified to reflect the inter- order of the BC and AB fragments at the transition state to

action between A and C as they approach each other estimate their Morse parameters for the stretching mode. A
5 detailed description of the relevant equations is presented

Vee = Dac [1_ exp(— Becl — lBC)):| in the Appendix A An empirical relation for symmetric
m ’ stretching and bending frequencies reveals that such fre-
Bas(l — Iag) 2 guencies are linearly related for many triatomic systems. We

Vag = DaB [1 — exp(—Tﬂ AV® (6) use this empirical relation (slope 0.43) to get the bend-

ing frequency from the symmetric one and formulate the

whereBgc andBag are the Morse coefficients of BC and AB ~ zero-point energy of the transition state as
andDgc andDag the corresponding dissociation engrgies. hdBsym + (2 x 0.430sym)]

The value ofm = 1 corresponds to the conservation of Zj = 5
bond order along the reaction co-ordinate, assumed in the
BEBO model. For a reaction in an electronic excited state, For a vibrationally adiabatic reaction energy profile one must
one has to take into account the electronic excitation energy,obtain the zero-point energy corrections along the reaction

(8)

Ee, and co-ordinate. With that purpose we resort to a damping func-
| —Eo+ A tion with the correct asymptotic limits for reactants, transi-
= () tion state and products, that interpolates from the expression

n-= ——————
[—Ee—4A of Wilson as presented iAppendix A

Charge-transfer structures can better represent the transition Finally, proton-transfer rate constants are estimated from
state when the value @t = mcT, cross-estimated with an  the transition state theory with a common frequency factor,
| corresponding to the atom A amdto the atom C or vice  1x109mol~1dm?s~1. ISM views proton-transfer reactions
versa, is higher than that for the atom-transfer process givenas bimolecular processes. However, the measurement of
by Eq. (2)for a single atom or group of atoms (A or C). naphthol deprotonation rates in water is usually based on the
The calculation of the zero-point energy of the transition lifetimes of the corresponding singlet states, and the experi-
state requires the vibrational frequency of the symmetric mental rate constants correspond to a pseudo first-order pro-
stretching and bending modes of the transition staig @). cess. In order to compare calculated and experimental rates,
Here we take the advantage of our knowledge of the bondwe estimate the reaction free energy of each elementary
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Fig. 2. Reaction energy profiles for a proton-transfer reaction. Solid line: classical energy profile; dashed line: vibrationally adiabatioditergy p
dotted line: TAS) profile. The reaction co-ordinate is definedsas: +,/2(loy — lgH).
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bimolecular proton-transfer step from the experimental dy-
namic K, corrected by statistical factors that account for
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Table 1
Structural data for proton-transfer reactions in naphthols

the number of reactive positions available in the acid and

in the base

AG®

—RT|:2.303FJKAB +1In <@>
g8

—2.303Kpac — In (”A )}
qAa

(9)

where Kag refers to the base. In pure water we have
pKas = —1.74. Thus, the rate constants are given by the
expression,

wherel wnnelfepresents the tunnelling correction estimated
for a Boltzmann distribution of incident particles colliding

with the one-dimensional barrier of the reaction energy pro-
file, estimated following the semi-classical approximation

[11]. AHT represents the enthalpy of activation,

AHt

RT (10)

k= 1010[PrAC] FtunneleXp(

AHT = AVF _AZFT _RT (11)

AZ¥ the zero-point energy difference between transition
state and reactants, and [PrAc] the concentration of the pro-
ton acceptor in solution. For example, for proton transfers
to water molecules in water [PrAe} 55.6 mol dnt2 and in
methanol [PrAcl= 24.7 mol dnt 3.

3. Calculations
3.1. Naphthols

1-Naphthol has long been considered a model of a strong
photoacid when excited to the first electronic singlet state
S;. Pines et al[12] have studied the photo-dissociation of
1-naphthol in water that occurs at room temperature with a
lifetime of about 36 ps, assuming a unidirectional dissoci-
ation reaction. In BO the lifetime is 117 ps at 2% and
KIE = 3.25. The ion-pair which is generated by the proton
dissociation may separate by diffusion or recombine gemi-

v (cm™1) I (A) Do (298K) (kJ mot?)
Naphthols 3654 0.956 362
H20 3219 0.958 514

Bond lengths and dissociation energies frit]. Vibrational frequencies
from [22], in the gas phase for naphthol and in the liquid for water.
MeOH and EtOH data were taken as identical to that of naphthols, and
acetic and formic acids data were taken as identical to water.

relevant structural parameters of the stretching frequency of
the OH bond in 1-naphthol and bond dissociation energy are
presented ifable land the excitation energies amdralues

in Table 2 The ionisation and electronic affinity energies of
1-naphthol were not available. Therefore, the parameters of
phenol were considered a good approximation and used in
the following calculations.

The calculated proton-transfer rate constants through
Eqg. (10) both in the excited and the ground state, are pre-
sented inTable 3 For the § stateky = 2.5 x 10'9s71,
in excellent agreement with experimental ddga(exp =
2.5 x 1019s~1, The isotope effect is KIEalc) = 2.88 to
be compared with KiEexp = 3.25. All those values do
not take into account any tunnelling effect of the H-atom
with a mass of unity, because it is close to unity (ca.

nnel= 1.2—1.5).

Parr electrophilicity parameter was estimated through
Eqg. (7)with the data presented ifeble 2 leading tom =
2.878 for § of 1-naphthol. No charge-transfer states are
involved becausen is controlled by the electrophilicity of
a single atom (O-atom). Thus, this kind of proton-transfer
reaction is better characterised as the transfer of a neutral
H-atom, rather than the transfer of a proton. The low barrier
of the proton transferAHi = 9.1kJmol?, is mainly due
to the high value ofm, owing to the effect of the excitation
energy 0-0 value in S Without such an electronic energy
contribution, the index of Parr would be = 1.722 and
AHY = 26.0kImorL. This effect is comparable to that of
the reaction energy assessed in termskf*s, because it
increases the rate by ca. 500 times.

The calculations for 2-naphthol are also presented in
Table 3and are in good agreement with experiment.

nately. At the same time the base form undergoes irreversible

geminate quenching reaction.

For the proton-transfer reaction in 1-naphtol in water, the
reactive bonds are considered to be the OH (OD) bond of
the acid and the OH (OD) bond of a water molecule. The

3.2. Cyano-naphthols

Tolbert and Haubriclil3,14] have reported the synthesis
of a new class of photoacids, the cyano derivatives of 1- and

Table 2
Excitation energy and Parr electrophilicity parameter for proton-transfer reactions

IN/2N (S) IN (Sp) 2N (S1) 5C1IN1 5C2N 6C2N 7C2N 8C2N DC2N HPTS
Ee (eV) - 3.838 3.757 3.444 3.378 3.594 3.374 3.284 3.959 3.757
m 1.722 2.878 2.823 2.613 2.576 2.705 2574 2.525 2.375 2.823

I =8.49eV, A = 2.253 eV [21]. Excitation energies estimated from).
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Table 3

Proton transfer in substituted naphthols (and some other similar systems) in exciséate€s excepted where stated data for ground states S
System ApK AG® (kJmol 1) ku(exp) (s1) ky(calc) (s1) KIE(exp) KIE(calc)
1-Naphthol (g) + H20 10.94 59.3 ~10 45 - -
1-Naphthol (§) + H20 2.15 9.5 2.5x 1010 2.5 x 1010 3.25 2.88
1-Naphthol ($) + acetate —5.10 -28.9 8 x 100 1.1 x 1011 - -
1-Naphthol () + formate —4.10 —23.2 4.0x 100 9.3 x 1010 - -
1-Naphthol-2-sulphonate- H,0 1.78 16.1 8.8x 10° 2.4 x 10° 2.75 2.58
1-Naphthol-3,6-disulphonatg H,O 3.32 7.4 5.8x 1010 5.0 x 1010 - -
2-Naphthol (§) + H20 11.16 60.8 36 2.7 - -
2-Naphthol (g) + H20 4.46 22.6 1.0x 10° 2.2 x 108 2.56 2.48
2-Naphthol () + acetate —1.90 -10.8 2.5x 100 4.9 x 1010 - -
5-Cyano-1-naphthol- H,O 4.47 -8.2 1.3x 101 1.8 x 1011 1.60 2.39
5-Cyano-1-naphthol- MeOH —1.43 -8.1 2.6x 10° 4.2 x 10% 2.60 3.00
5-Cyano-1-naphthol- acetate —7.50 —425 1.2x 10 1.0 x 1011 - -
5-Cyano-2-naphthol- H,O 0.99 -2.9 7.0x 101 1.1 x 1011 2.33 4.01
5-Cyano-2-naphthol- MeOH 2.58 14.6 2.2 108 1.2 x 108 2.27 3.43
6-Cyano-2-naphthol- H,O 1.37 5.0 1.1x 100 7.0 x 10 3.33 3.47
7-Cyano-2-naphthol- H,O 1.53 5.9 5.5x 10° 3.1 x 101 3.06 3.47
8-Cyano-2-naphthol- H,O 1.34 4.8 2.7x 101 4.0 x 10 2.08 3.76
5,8-Dicyano-2-naphthol- MeOH —-0.37 —2.1 1.3x 100 3.9 x 100 - -
5,8-Dicyano-2-naphthol- EtOH -0.33 -1.9 6.3x 10° 3.4 x 1010 - -
2-Naphthol-6-sulphonate- H,O 3.69 18.2 1.0x 10° 1.0 x 1¢° - -
2-Naphthol-6,8-disulphonate H,O 1.87 7.9 1.7x 100 3.6 x 1010 - -
2-Naphthol-3,6-disulphonate H,O 2.45 11.2 5.8< 10° 1.2 x 10% 3.62 2.81
6-Br-2-naphthol+ H,0O 4.84 24.5 7.2¢ 108 1.0 x 108 - -
6-CHs-2-naphthol+ H,O 6.14 318 1.3x 10 7.5 x 1¢° - -
7-CHg-2-naphthol+ H,O 5.44 27.8 1.6x 107 3.1 x 10 - -
1-Cl-2-naphthoH H,O 3.44 16.8 4.9¢ 10° 1.6 x 10° - -
1-Hydroxypyrene+ acetate -0.6 —3.40 2.0x 10° 2.6 x 101 - -
1-Hydroxypyrene+ formate 0.4 2.27 1.6¢ 10° 1.5 x 1010 - -
Hydroxypyrene-trisulphonate- H,O 3.02 14.4 8.0x 10° 3.8 x 10° 4.71 2.68
Hydroxypyrene-trisulphonate- acetate —4.7 —26.6 7.0x 109 9.7 x 1010 - -
Hydroxypyrene-trisulphonate- formate -3.7 —21.0 6.0x 100 7.0 x 101 - -

Data in water, excepted where stated otherwise: for 1-naftR3}; 5-cyano-1-naphtdl5]; 5, 6, 7 and 8-cyano-1-naphtHdl6]; 5-cyano-2-naphtol in wa-

ter and methandP4]; 5,8-dicyano-2-naphth25-27} 5-cyano-1-naphthol, 1- and 2-naphthol, 1-hydroxypyrene-trisulphonate (HPTS) and 1-hydroxypyrene
(HP) in acetate and 1-naphthol, HPTS and HP in fornja8}; 2-naphtol ground state (GS) and, 2-naphthol-6-sulphonate, 2-naphthol-3,6-disulphonate
[29].

2-naphthol, which exhibit excited state acidities in the first experiment,ky(exp = 2.6 x 10°s™1. It is important to
singlet state which are comparable to strong mineral acidsrealise that if the potential energy curves were the same as
pK; = —4=+ 1. Pines et al[15] have reported experimental for reactions in water, the calculated rates would be more
studies in the ultrafast ESPT of 5-cyano-1-naphthol (5C1N) than 2 orders of magnitude higher than experiment.

to water and methanol solutions. In water the Forster cycle Huppert et al[16] have also studied ESPT in cyano-subs-
calculations lead to an excited state abokp= —2.8 and tituted 2-naphtholsTable 2presents the corresponding cal-

a dynamic value of fi; = —2.73. The proton dissociation  culations. With the same structural parameters as in previous
time of 5C1N in water was found to bes81 ps at 25C, examples, with 8-cyano-2-naphthol (8C2N) in water there is
one of the fastest dissociation times ever measured, and KIEa reasonable agreement both for the thermal-activated rates
is ca. 1.6. In methanol the dissociation rates are 2 orders ofand KIE. With 5C2N, 6C2N and 7C2N, the agreement for

magnitude lower €y = 390 ps) and KIE is higher (KIE= the experimental rates is within a factor of three times. The
2.4). agreement for the rate in methanol is also good. The calcu-

With the same structural parameters as for 1-naphthol andlated rate constants for 5,8-dicyano-2-naphthol in methanol
the experimental fa+ = —2.73, in H,O the system has and in ethanol are a factor of 6.5-10 times higher than ex-

a very small barrier {H¥ ~ 5kJmor?l) and the calcu-  perimental ratesTable 3.

lated rate isky = 2.4 x 10*1s71 in terms of the transition

state theoryKq. (10); the experimental value lg;(exp) =

1.25 x 101s1. The KIE is estimated to be KIE 2.4 to 4. Free-energy relationships and other patterns

be compared with KIEexp) = 1.6. of reactivity
For methanol the potential energy curves of reactant and
product are equal and the estimated rate congtgielo) = Fig. 3 presents the plot of the calculated rates for fast

6.3 x 1019571 is one (ca.) order of magnitude higher than and ultrafast proton transfers in excited states of several
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Fig. 3. Plot of logy as a function of reaction energnG°, for proton-transfer reactions of;9n naphthols and substituted naphthols. In water:
experimental points@®) and family curve in solid line with [HO] = 55.6 moldnT3. In alcohols: experimental point€)) and family curve in dashed
line, in methanol with [CHOH] = 24.7 moldnT 3. In acetates %) and [CHRCOO ] = 8 mol dnT3.

naphthols and substituted naphthols to water, methanol,a large range of rates (ca. 12 orders of magnitude) in an ab-
ethanol, acetate and formate compiledrable 3 Families solute manner and in good quantitative agreement with ex-
of reactions have to be estimated with the same set of vibra-periment Fig. 4; correlation coefficient = 0.98 and slope
tional frequenciesm values and acceptor concentrations. 1.09). A few exceptions are found, for example, with 5C1N
Fig. 3presents the family curves for water and methanol. For in methanol and for 6C2N in water. One has to realise that
each family, data appear to follow a good free-energy rela- the index of Parr can be slightly different for the substituted

tionship, albeit with a sudden change in s|opeﬁa§13F =0. naphthols and can also be weakly solvent dependent, notably
This is not due to the presence of any diffusion-controlled when charge-transfer rather than atom-transfer mechanism
plateau, since one is dealing with first-order reactions. dominates in the indem. In principle, all those changes can

Modern theories on ultrafast proton transfers assume thatlead to different rates and, although this does not appear to
the transfer of the H-atom in aqueous solution is closely be the case with naphthols, those factors may be relevant for
coupled with solvent motion and solvent relaxation and this other systems.
mechanism can be invoked to account for such a change in As shown inTable 3 ISM accounts well not only for the
slope. However, the present interpretation is associated withchanges in the excited-states reactivity, but also for ground
the behaviour of the vibrationally adiabatic energy profiles states. The increase in proton-transfer rates upon excitation
at zero-reaction energy. There is a loss of zero-point energyto Si by 5x 10°-5x 10’ times for 1- and 2-naphtol in water,
near the linear transition state because it has only three vi-respectively, is due not only to a strong decreas& @t but
brational modes (one symmetric stretching and two degen-also to an increase im.
erate bendings). This can originate a local minimum in the ~ Nuclear tunnelling appears to play no significant role on
vibrationally adiabatic surface when a light atom is trans- the present systems, but zero-point energies play a major
ferred between two heavy atoms. This minimum is only par- role on the reactivity patterns, both for KIEig. 5 and also
tially compensated by the increase in entropy, as presentedor the slopes of the free-energy relations. ISM accounts in
in Appendix A reasonable terms for the maximum Kjk = 4.7 close to

Naphthols constitute a very important class of photoacids zero-reaction energy. The value of KEE 4.7 for HPTS in
with rates of proton transfer to several acceptors ranging Water is close to this estimated value, although the reaction
from femtoseconds in excited states to seconds in groundis endothermic4G° = 14.4 kJmol!). We remark that the
states. It may come as a surprise that ISM can estimate suctPKa* of HPTS was taken from Forster cycle.



M. Barroso et al./Journal of Photochemistry and Photobiology A: Chemistry 154 (2002) 13-21 19

2 ————————————————

10 o X X 4

log kH (ISM)
[«)]
T
|

okl v vy
0 2 4 6 8 10 12

log k " (experimental)

Fig. 4. Correlations between calculated and experimental rate constgnt®r proton-transfer reactions in naphthols and substituted naphthols. Solid
line: the ideal correlation line. Experimental data for reactions in w8 {n alcohols (O) and in acetatesx().
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Fig. 5. Calculated KIE: solid line for symmetrical reaction in water; dashed line unsymmetrical case with potential energy curve of naphthahis react
and that of water in products.
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Fig. 5illustrates an interesting pattern of reactivity, re- of the transition state and tends to the AB stretching in the
lated with the existence of two plateaus around the maximum products. This antisymmetric stretching does not contribute
value. The slope and the relative values of those plateausto the zero-point energy of the transition state because of its
depend on the symmetric or asymmetric nature of the po-imaginary frequency. Thus, the interpolation function that
tential energy curves of reactant and product. The maximum multiplies the antisymmetric frequenay, must have the
KIEmax values increase with an increase in OH frequencies, value of unity at the reactants and products and zero at the
due to the increase of zero-point energies. For example, intransition state of a symmetric reaction. At the same time,
the symmetrical situation for water/water is Kik = 2.8 the symmetric stretching frequency must have the value of
and for naphthol/naphthol is Klgx = 13.9. zero at the reactants and products and the value_ofjiven

We have shown that a simple semi-classical model asby Eq. (A.1)at the symmetrical transition state. A function
the ISM can give a reasonable approximation to the full that obeys the above conditions is

guantum—mechanical calculations for proton transfers in 1
naphthols, by relating reaction rates to energetics and to f(n) = T ;
electronic parameters. coshf-a’lac.eqIn(n™)/Ias — lpg (n = 0.9)]
forO < n < 0.5;
o :
Acknowledgements " coshf-a’lpg,eqIn(1 — ni)/lBC — Ipc(n = 0.5)] 7
for05<n<1 (A.3)
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1
Vsym = E«/U}_ [1 — f(l’l)] ,
. 1
Appendix A Vasym = E\/ w4 f(n) (A.4)

The variation of the zero-point energy along the reaction The calculation of the enthalpy of activation according to
path was estimated using the zero-point energies of the BCEQ. (11)presumes the use of the classical potential energy
bond, of the AB bond and of the transition state, and a func- and of the zero-point energy at the configuration where the
tion with the correct asymptotic limits to interpolate between free energy attains its maximum. This requires information
them. The frequencies of the BC and AB bonds were taken on the variation of the entropy along the reaction co-ordinate.
from of the experimental data on phenol and ofOHn the The entropy associated with the vibrations is given by the
liquid phase, respectively. The transition state is assumed tostandard statistical mechanical equation
be triatomic and linear. Thus, it has one symmetric stretch- 0,/ T
ing and two degenerate bendings. The antisymmetric stretch-Sy = R {Wﬂ—l
ing corresponds to the reaction co-ordinate. An approximate v
solution to stretching frequencies, of a linear triatomic where 8, is the vibrational temperature. The variation of
molecule can be obtained from the equation of Wilson ne- vibrational entropy is the difference between the entropy of
glecting cross terms and interactions with the bendjag$

—In[1- exp(—OU/T)]} (A.5)

we = fua(uc + 1) + fo2(ua + 1) £/ (fuuc — foaua)? + (fir+ f22)2u82 + 2(f11 — f22)(fiiic — foaua)is
B 2

(A.1)
whereu; = 1/m; andfi; andfo, are the force constants
for the BC and AB fragments of the triato_mic molecule. In  the symmetric stretching plus the two bending, minus the
the reactantsf11 = fsc and f2 = 0 and in the products  BC stretching. This difference is multiplied byl f(n),

f11=0andf2; = fag. Their intermediate values can be just like vsym in Eq. (A.4) to account for the variation
estimated from the relation between the force constant of aof the vibrational entropy along the reaction co-ordi-

fractional bond and its bond ordg8] nate.

fi1= fac(l— n)2afac far = fAanaﬂAB (A.2) _ The variation of trgnslational entropy is detgr.mined by the
difference of translational entropy of the transition state (one
wherefgc andfag are the force constants for the BC and AB triatomic molecule) and that of the reactants (one diatomic
bonds in the isolated reactants and products, respectivelymolecule and one atom). The variation of the rotational en-
anda = 0.26 is Pauling’s constant. The BC stretching in the tropy results from the difference of the moment of inertia
reactants is transformed into the antisymmetric stretching between the linear transition state and the diatomic molecule
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