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By using Fourier transform near-infrared (NIR) absorption spectroscopy, the kinetic behaviors of quadricyclane
isomerization, as catalyzed by anhydrous Cu$®®Ochloroform mixture with and without agitation, are
presented. Given the acquired NIR spectra, the concentration decay of quadricyclane with the reaction time
is determined with the aid of partial least-squares analysis. When the mixture is not agitated, the diffusion
coefficients in chloroform are evaluated to be (3:8.1) x 10°cn? st at 27°C and (4.4% 0.1) x 10°°

cn? st at 39°C. In the size-dependent experiments of the catalyst, the one-site and two-site coordinated
conversion rate constants are further determined to be{&®) x 10 st A tand (2.2+-0.8) x 10 8s?

A2, respectively, at 27C and (1.3+ 0.8) x 10°s* At and (1.92+ 0.01) x 10°® st A2, respectively,

at 39°C. A denotes the total catalyst surface area per unit effective volume of solvent. Accordingly, the
activation energies for one-site and two-site coordination are evaluated to be 24.8 and 286.2%J mol
respectively. The reaction is dominated by one-site coordination (1:1 complex) between the reactant and the
catalyst. Unless temperature increases, the two-site coordinated reaction may be ignored. In contrast, when
analogous experiments are performed in the stirred solution, the diffusion factor is ignored but the conversion
rate constants rise due to the increase of collision frequency. For instance, the one-site and two-site coordinated
rate constants are increased to (£7.4) x 10°s 1At and (1.274+ 0.06) x 10°s* A2 at 39°C. The

two-site coordinated reaction rate is enhanced by a factor of 10. Thus, isomerization may proceed via both
1:1 and 1:2 coordination between the reactant and the catalyst. The Arrhenius plot yields the corresponding

activation energies to be 24 3 and 275+ 3 kJ mol®. The activation energies remain constant, no matter
whether the solution is agitated or not.

I. Introduction Among those potential catalysts adopted in heterogeneous
complex reaction&2°the Sn(Il) and Cu(ll) salts are frequently

Interconversion of quadricyclane and norbornadiene has - L A .
. . . . used for investigating the kinetics of the conversion of quad-
attracted considerable attention because of its potential for USE. .\ clane to norbornadiene. In the catalviic conversion reaction
in solar energy storage? molecular switched; optical Y : y :

waveguides$,and photochromic chemsenséis.the application Moore anq co-workers gletermlned the quadncyclang and
of solar energy storage, energy can be stored when norboma_norbornadlene poncentratlons by gas chromatogrébmhelr
diene is photochemically converted to quadricyclane and then procgdure requires t.he removal {and analysis _Of aliquots of the
released when quadricyclane is catalytically converted to '€action mixture at intervals during the reaction. To develop

norbornadiene. The quadricyclaneorbornadiene system is @0 in situ mon_ltorlng of the concentration variation fqr b(_)th

advantageous in several aspects. The conversion enthalpy is aSUPstances, Vickers and co-workers demonstrated with fiber-
large as 89 kJ mol, showing more energy that may be stored optic Raman spectroscopy the potential for automated, nonde-

than most other candidates. Quadricyclane with an activation Structive, and continuous probing of the isomerizatibNev-

energy of 141 kJ mof may last up to 140 h at 100C7~° ertheless, the suspended solids increased the sample opacity.
thereby the energy can be saved for a long period. NeverthelessAS an alternative method, we developed Fourier transform near-
norbornadiene cannot absorb solar ligt800 nm; the conver-  infrared (NIR) absorption spectroscopy to investigate the

sion efficiency becomes as low a€.05 without the use of a  catalytic reaction$>1° The reaction mixture was not agitated
photosensitizel?1 For this reason, its derivatives have been SO as to avoid the effect of sample heterogeneity. Given the
developed in the hope of efficiently absorbing the light waves NIR absorption spectra acquired, the concentrations of reactant
longer than 300 nm and achieving better conversion efficiency and product can be simultaneously determined with the analysis
without the aid of a photosensitizer. Thus far, such investigation of partial least-squares (PL%).2

has not yet been successful. Although the absorption wavelength  Moore and co-workers suggested that both one-site and two-
has been made to red shift, the energy storage efficiency turnssite coordination of quadricyclane, with rate constants 2.9
out to be worse than in the original system. 102 min~t g~ and 7.3x 1072 min~! g2, respectively, for

the CuSQ catalyst in benzene, may lead to the production of
* To whom correspondence should be addressed. Fax: 886-2-23621483.nqrphornadiené3 In our previous worKS if a one-site coordi-

E-mail: kclin@ccms.ntu.edu.tw. . .
t National (T@aiwan University. nated reaction was assumed to dominate, then our result of 2.7

* Academia Sinica. x 102 min~1 g~1 was consistent with that obtained above in a
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stirred solutiont3 Nevertheless, if the contribution of two-site  repeatedly performed with variation of the catalyst amount from
coordination was included, our one-site coordinated rate constant0.2 to 0.8 g. The measurements of temperature dependence from
became smaller. In another similar experiment with Raman 30 to 44°C, as controlled in the thermostat, were similarly
spectroscopy, Vickers and co-workers obtained a consistentconducted.
second-order depletion rate constant of 2. 202 min-1 g1 Quadricyclane and norbornadiene in chloroform exhibit the
for quadricyclane with CuSgas the catalyst, but they did not maximum NIR absorption at 8840 and 8900 ¢nrespectively,
look into the reaction mechanisthApparently, the kinetics of ~ which overlap with the solvent spectra. Fortunately, when the
such catalysis has not been well understood yet, including solvent background spectrum is subtracted, only the band at
whether a two-site coordinated complex may play a significant 8700 cni leaves minor noise in the baselifeThe change of
role in the surface-mediated reaction, how temperature affectsthe absorption bands during the reaction is large enough to allow
the reaction, how the catalyst reduces the activation energy, andfor determination of the individual concentrations of quadricy-
whether the stirring motion may change the kinetic behavior or clane and norbornadiene with the aid of the PLS mefio#.
the mechanism. This work attempts to clarify these problems. In this work, 480 sets of the NIR absorption spectra for each
Herein, the kinetic behaviors of quadricyclane isomerization catalytic reaction system were acquired, while 56 calibration
are investigated simultaneously under the conditions of either sets of various concentration combinations of quadricyclane and
a still or stirred mixture. When the mixture stands still, the norbornadiene each in the range 0.605100 M (mol/L) were
kinetic event becomes more complicated. The additional dif- prepared. The fit between the predicted and actual concentra-
fusion phenomena have to be taken into account. Fouriertions, which is characterized by a straight line having a slope
transform NIR absorption spectroscopy is used to measure theof 1.00 and a regression coefficiert0.98, gives rise to the
CuSQ-catalyzed isomerization of quadricyclane in the super- quadricyclane or norbornadiene concentrations in the reaction
natant chloroform solution. With the aid of a rate model, mixture.
diffusion and isomerization of quadricyclane may be well For the measurements of the temperature effect in a still
characterized. The isomerization rate constants thus obtainedsolution, the PLS analyses at different temperatures of 27 or
will be compared with those acquired in a stirred mixture. Then, 39 °C were applied to find the concentrations of the related
the temperature dependence of the catalytic reaction is analyzedgubstances during the reaction. In contrast, the filtrates collected
for these two cases. The activation energies for one-site andfrom the stirred solution were cooled to 2C before the NIR

two-site coordination may be determined accordingly. spectra were acquired. Thus, the PLS analysis only &7
was performed for the reactions at varied temperatures.
Il. Experimental Section The reactant quadricyclane (quadricyclo[2.2.1.0.0] heptane)

) was photosynthesized from norbornadiene (bicyclo[2.2.1] hepta-

A step-scan Fourier transform spectrometer (FTS, IFS-66V/ 3 5_diene) with acetonitrile as a photosensitizer. The light at
s, Bruker) equipped with a tungsten lamp as the NIR radiation 365 nm was irradiated for about 8 h/day for 4 weeks. Its purity
source and a Si diode detector suitable for the wavelength range- ggos, was examined BAH NMR spectroscopy. Norbornadiene
from 6000 to 25 000 cm. The FTS can be operated in either (99%, Aldrich) was used without further purification. The
step-scan or rapid-scan mode with time resolutions on the Ordercatalyst CuSQ@was heated at 14%C for 12 h before use. The
of nanoseconds and milliseconds, respectivehf:2+2° The particle sizes were distributed into five groups of-38t, 53—
rapid-scan mode is selected for the rate determination of thegz 74-88, 106-125, and 149177 um through various

current catalytic isomerization. The interferogram of each scan, siandard mesh frames. CH@®¥as dried over molecular sieves
completed within milliseconds, was Fourier transformed and yith g 4-A pore size.

displayed.
The catalytic reactions were conducted either in a still or in [||. Kinetic Model
a stirred mixture. The procedures for the former experiments
have been described previousfyln brief, abow 7 g of the
catalyst CuS@(Merck) was added in a cuboid cell (1 cm5
cm x 4.8 cm), followed by slow addition of the chloroform
solvent. After the suspended salts had settled in the cell, the
light beam restricted to a cross section of 2 mm in diameter )
was guided to propagate through the solvent lay8+1 mm dac _ D ac _ kC 1)
above the solid surface. The NIR spectrum of the solvent dt dé
background was acquired and averaged for 30 scans. Then,
aliquots of chloroform drawn from the solvent layer were well where C is the concentration of quadricyclaBeijts diffusion
mixed with 15-30 uL quadricyclane or norbornadiene and coefficient, andx, the depth measured from the top of the
carefully returned to the sample cell. NIR spectra were recorded solution, defined as zero, to the bottom of the cell.
at 30-s intervals over a period of 4 h. Each spectrum was an  As reported previousliif eq 1 can be solved numerically by
average of 10 measurements. For the experiment of temperatur@é one-dimensional method using a program based on Matlab
effect, a homemade minithermostat was applied to keep the6.5 in which input data such as boundary conditions, the height
cuboid cell at either 27 or 39C during the reaction. of solvent above the catalyst surface, and the effective depth of
In the alternative experiments, a glass bottle, filled with 10 the catalyst stacks are required. The effective depth of the
mL of chloroform solvent and a small amount of catalyst, was catalyst can be evaluated by measuring the additional height of
stirred in a thermostat with a magnet bar. The reaction was the solvent layer when a given weight of catalyst is deposited
initiated by addition of 7QiL of quadricyclane to the mixture.  in the cell. It reflects the solvent amount in the interstices of
After different reaction periods from 5 up to 45 min, the solution the solid stacks. Two parameters related to the diffusivity are
layer was filtered to a sample cell, followed by acquisition of required in the simulation. One represents the diffusion coef-
NIR spectra with FTS. The filtrates without the catalyst left ficient of quadricyclane in the solvent layer, which is fitted when
inside may not cause any further reaction. The procedures werex is less than the solvent height, and the other one represents

When the mixture is not agitated, quadricyclane must rely
on diffusion onto the solid surface to result in norbornadiene.
The kinetic rate equation including the contribution of diffusion
and conversion is thus expresseédas
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Figure 1. Model cell in which the solvent amount inside the solid
layer is divided into numerous branches. The entire system is brokeng 0.07
up into many tiny triangular unit cells. The concentrations of quadri- 2 |
cyclane in all the triangular unit cells are solved as functions of time & 0.06
and space. ha
e S . S 0.05 -
the diffusion coefficient in the solid stacks, which is fitted when
X is larger than the solvent height. 0.04 -
In this work, eq 1 with diffusion alone can be solved 0 50 100 150 200 250
technically with a two-dimensional method. The solvent amount Reaction Time (sec)

in the interstices of the solid stacks is distributed into numerous figyre 2. Time-dependent concentration of norbornadiene caused by
branches, as depicted in Figure 1. The ratio of the volumes diffusion in chloroform in the presence of Cug@he measurements
occupied between the solvent and the solid particles in the entirewith the ® symbol are conducted at the solution height of 0.45 cm and
branch region is subject to the experimental conditions. The the catalyst weight of 7 g. The corresponding fit with the one-
numerical analysis of eq 1 is performed by a finite element dimensional method yields 3.8 10°° and 1.29x 10°° cn¥ s * for

. . . . the diffusion coefficients in the solvent and inside the solid phase,
method. That is, the whole system in Figure 1 is broken up respectively. The fit with the two-dimensional method yields 3.8

into many tiny triangular unit cells, which may be spatially 155 ¢y 51 for the diffusion coefficient. The catalyst particle size is
characterized with a two-dimensional coordinate. Given the 38-44 ym.

boundary conditions,@dx = 0, valid for all the edges of the

model cell, the height of the solvent above the catalyst surface, TABLE 1: Particle-Size Dependence of Diffusion

and the volume ratio in the branch region, the concentrations ggﬁg;’;gf g]a?eoggﬂélég¥g apth;;gs and Pseudo-First-Order
of quadricyclane in all the triangular unit cells may be solved p— = — ”

as functions of time and space, according to a written program  ¢&talys ® o 2 o
based on the Matlab 6.5penvironment. 9|_0 compare \l?vithg the _Sizefim)  (x1CcnPs™)  (x<10cnPs)  (x10°sT)

experimental observation of the reactant decay, each time- and 149-177 3.8 1.43 2.2
space-dependent simulated curve is integrated within the zone %2?;%25 g"g igg g"g
where the NIR probe beam propagates through the solution. g3 g2 3.8 122 82
Note that the diffusion coefficient of quadricyclane in the solvent 3344 3.8 1.29 145

is the only parameter to fit the obtained decay curve. The quali
yp Y d ty aThe termD; denotes the diffusion coefficient in chloroforfiThe

of simulation c_an_be |mprc_)ved by increasing the number of term D, denotes the diffusion coefficient in the catalysThe termk
branches, but it will not be improved further when the number genotes the pseudo-first-order catalytic rate constant.

exceeds eight. The optimized value remains a constant, irrespec- ) e N
tive of the size change of the catalyst. norbornadiene due to diffusion is plotted in Figure 2. The

Despite the improved accuracy of the diffusion coefficient observed data are simulated with either one-dimensional or two-

evaluation, the developed two-dimensional method Cannotdimensional methods to determine the diffusivity. The resultant
handle thé complicated event to determine conversion anddif‘fusion coefficients in the solvent are consistent. We alter-

diffusion simultaneously. Therefore, in this work, we first apply natlvelty u?el NaCl se;llt_to rleplaceﬂs:udse;mce_ thg gqlgfme_r salt ¢
the two-dimensional method to find out the diffusion coefficient ¢2"NOt catalyze quadricyclané. 1he determined difiusion coet-

of quadricyclane in the solvent. Given this parameter, a one- fici_ent of quadricyclane n CHQI&.BO agrees with tr_lose fqund_
dimensional method is adopted to fit the geometry factor related using norbornadlgne as a SUbSF'tUte' Thg determllne.d diffusion
to the solid phase. For one-dimensional diffusion, the diffusion coefficients remain consistent, irespective of variation of the
of quadricyclane may be hindered while moving through the fsol:utlc_)n v?]lurgt_e. '.Al‘)S t_he pa](rtlfj’céedf:lzsesf)g??uﬁfsghiggt_ad
catalyst stacks along thalirection, and thus, the fitted geometry oflowing the distributions o L .’.

factor is smaller than unity. In this manner, the diffusion 125, and 149177 um, the fits of the diffusion coefficients are

coefficient of quadricyclane inside the solid stacks is evaluated 3!?”‘3”3’ Ca”fif?q OUt‘.Thﬁ reslults allre listed (ijn Tab!e ﬁ TrE)e
by multiplication of the diffusion coefficient in the solvent and 3' gl;io(;] 1coe 1"(:';95m?n'2n Ele s%;/?gt a)t/ﬁr a;]e eter_mmde tr? €
the geometry factor. After both the diffusion coefficients are @ 1) x cnr s at » While the one inside the

obtained, the conversion rate constant is analogously fitted with CUS_Q‘ cz_atalyst de_crea_lses normally with a d_ecrease in the
the one-dimensional methdél. particle size. The diffusion tends to be slower, since the catalyst

stack becomes more tightly packed as a result of the decreased
size. With the one-dimensional method, the size effect can be
characterized by a geometry factor, which becomes smaller
A. Determination of Kinetic Constants in Solution without when the solid pack is tighter. For instance, it is found to be
Agitation. Since the norbornadiene product has a similar 0.34 and 0.38 for CuSQwith the size distributions of 7488
structure and properties as quadricyclane, it is used as aand 149-177um, respectively. In contrast, in terms of the two-
substitute to determine the diffusion coefficients for quadricy- dimensional method with the branch model, a single parameter
clane in the catalytic system. Its concentration as a function of of diffusivity can be fitted to all the concentration decay curves
time is evaluated by PLS analysis, as described in the acquired with different particle sizes. The obtained diffusion
Experimental Section. The measured concentration change ofcoefficients, which remain independent of the size variation,

IV. Results and Discussion
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Figure 3. Reaction-time dependence of the concentration of quadri- constantke, to yield one-site and two-site coordinated rate constants
cyclane catalyzedyb7? g of CuSQ in chloroform at 27°C with solution at 27°C (denoted by®) and 39°C (denoted byl). The catalyst weight,
heights of (a) 0.4, (b) 0.55, (c) 0.45, and (d) 0.35 cm. The solid lines W: and the densityd, are fixed a7 g and 3.6 g cn¥, but the effective
indicate the corresponding simulated curves with the diffusion coef- Volume,AVe, is subject to the particle size and measured for each data

ficients fixed at 3.8x 1075 and 1.43x 1075 cn? st in the solution point.

Ir?t/grcsﬂgtg;‘? ;ogsaztﬁg(;é;?pecwely' The fit yields the depletion catalyst stacks is readily evaluated from the bottom-side
area of the cell multiplied by the additional height of the solvent
are in agreement with the one in the solvent phase using thelayer when the catalyst is added. Given the evaluated effective
one-dimensional method. solvent volume, the weight of catalyst, and the density 3.6 §/cm
Because of hindrance of the flow along the vertical direction, of anhydrous CuS@as shown in Figure 4, the plot kf; versus
the diffusion inside the solid stacks is found to be slower as 6W/daAV, yields one-site and two-site coordinated rate con-
simulated with the one-dimensional method. In contrast, for the stantsk; andk,, to be (8.5+ 5.9) x 10 ®s? Al and (2.2+
two-dimensional method, the flow along horizontal and vertical 0.8) x 108 s™1 A~2, respectively, at 27C. A denotes the total
directions are both taken into account such that the diffusion catalyst surface area per unit effective volume of solvent. The
does not make any significant difference between the solventratek is slightly smaller than the previous value 1x310°°
and solid phases, if the interstices of the solid stacks are larges™* A1 as calculated with a single average diameter, but the
enough like CuS@ Furthermore, the branch model has removed Vvalue thus obtained in this work is more reliable. The atis
the steric hindrance caused by particle shape and stackingfound to be 2 orders of magnitude smaller thansuggesting
Unless the ratio of the volumes occupied by the solvent to the that the two-site coordinated reaction should be negligible at
solid stacks is too small, a single parameter of diffusivity is the low temperature of 27C.
appropriate enough to fit the observed concentration decay. In a similar experiment, Moore and co-workers have obtained
Given the diffusion coefficients in the two phases, the the one-site and two-site coordinated rate constants to be 4.8
isomerization rate constant of quadricyclane catalyzed by GuSO 10 4s tgtand 1.2x 10 3s 1 g2 respectively, for the CuSO
can be evaluated by simulating the concentration decay. Whencatalyst in benzene by detection with GC-MS. Given, in eq 2,
the solvent amounts are varied, the obtained rate constants aréhe particle diameter of 3.3 1072 cm and a total volume of
consistent in the simulation. An example for the fit with the 10 mL in a stirred solution to substitute for the effective solvent
size distribution 149177 um under the conditions of different  volume}® then their conditions may lead to the corresponding
solvent amounts is shown in Figure 3, in which the reaction values of 9.6x 10°® st Al and 47x 107 st A2 in
rate constant is the only parameter to adjust. The conversioncomparison with our results (84& 5.9) x 10°¢s* A™! and
rate constants are analogously evaluated as functions of the(2.2+ 0.8) x 108 s 1 A2 at 27°C. The one-site rate constants
particle size of the catalyst. The results are summarized in Tableare consistent with each other, but the two-site rate constants
1. The catalytic conversion becomes faster with decreasing thediffer by 20 times.
particle size, since the total surfaces contacted by the reactant B. Temperature Dependence in Still SolutionTo evaluate
may increase. For instance, the pseudo-first-order conversionhow the activation energy of 141 kJ mélis reduced with the
rate constants are found to be (#50.1) x 1072 and (3.4+ added CuSQ catalyst}® we move further to find out the
0.1) x 1073 s with the size distributions of 3844 and 106- diffusion and conversion of quadricyclane at the temperature
125 um, respectively. of 39°C. The PLS analysis is again applied at this temperature
The obtained pseudo-first-order rate constégt, may be to give rise to the concentration decay of quadricyclane during
expressed as a sum of the one-site and two-site coordinatedhe reaction. All the experimental processes are otherwise
depletion rate constants, identical to those conducted at 2. Figure 5 shows an
example for observation and simulation of the concentration
_ K ( 6W )2 @) decay catalyzed with the size distribution-788 um of CuSQ.
daAVv, = \daAv, The diffusivity and conversion rate constants are analogously
evaluated as functions of the particle size of the catalyst. The
whereAA s the total surface area of the solil,, the effective results are summarized in Table 2. The diffusion coefficient in
volume of solvent squeezed in the catalyst stadkshe weight chloroform increases to (44 0.1) x 1075 cn? st at 39°C.
of catalystd, the density of catalyst, ara) the average diameter It is reasonable to find an increase of diffusivity with temper-
of the spherical particles. The effective volume of solvent inside ature. According to StokesEinstein equation, the diffusion

— DA L [AAY_ | _BW
ktot - klAVe + kZ(AV)

€
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Figure 5. (a) Time-dependent concentration of norbornadiene caused 2 0 2 4 8 8 10 12 14 18 18 20

by diffusion in chloroform in the presencé @ g of CuSQ at 39°C . . .

with solution heights of (a) 0.41 and (b) 0.35 cm. The solid lines indicate Reaction Time (min)

the corresponding simulated curves to yield the diffusion coefficients. Figure 6. Concentration decay of quadricyclane, catalyzed by GuSO
(b) Reaction-time dependence of the concentration of quadricyclane in the stirred chloroform mixture, as a function of the catalyst amounts
catalyzed g 7 g of CuSQ in chloroform at 39°C with solution heights at temperatures of (a) 3T (A 0.2; B 0.4; C 0.5; D 0.6; E 0.8 g) and

of (a) 0.36 and (b) 0.32 cm. The solid lines indicate the corresponding (h) 39°C (A 0.2; B 0.3; C 0.4; D 0.6; E 0.8 g). The decay curves are
simulated curves with the diffusion coefficients fixed at 4410°° fitted using an exponential function to yield the corresponding
and 1.77x 1075 cn? st in the solution Iayer and the solid StaCkS, conversion rate constants.
respectively. The fit yields the depletion rate constant of quadricyclane.

. . o TABLE 3: One-Site and Two-Site Coordinated Conversion
TABLE 2: Particle-Size Dependence of Diffusion Rate Constants in the Stirred Mixture at Different
Coefficients in Solvent/Solid Phases and Pseudo-First-Order Temperatures
Conversion Rate Constants at 39C

ki (x10Ps 1A ke (x10PsTA?)

catalyst D2 D2 k° S

size fum) (x1CPcnmPs™) (x1Pcn?s?) (x1%s™) gg og iii 2(5) ggi (1)2

149-177 4.4 177 0.0365 39°C 17+ 1.4 12.74£ 06

106-125 4.4 1.77 0.076 44°C 20+15 89.5+ 6.7

74—88 4.4 1.77 0.166

53-63 4.4 177 0.419 At high temperatures, the diffusivity inside the solid stacks

38-44 4.4 1.77 0.75 . . . . .

is found to be almost independent of the particle size, showing

2The termD; denotes the diffusion coefficient in chloroforthThe different behavior from those observed at low temperatures

term D, denotes the diffusion coefficient in the catalysThe termk (Tables 1 and 2). The difference of the steric effect due to the

denotes the pseudo-first-order catalytic rate constant. size distribution might be overlooked by the increase of thermal

motion at high temperatures. But a detailed interpretation has
coefficient in solution is proportional to the terfiy; T andy not been known yet. Again, the one-site and two-site coordinated
denote the absolute temperature and viscosity, respectively. Theate constants are determined from the plokgfversus &V/
termyn can be replaced by eXp{RT), whereE; is the activation daAVe, as shown in Figure 4, yieldink; andk; to be (1.3+
energy for quadricyclane motion in the chloroform solvent and 0.8) x 10°s* Aland (1.92+ 0.01) x 10°%s™1 A=2 As the
Ris the gas constant. Given the valugs=10 kJ mof? and temperature increasds, is enhanced by less than a factor of 2
D1 =3.8x 105cn? s tat27°C, D; in chloroform at 39°C butk, is remarkably enhanced by 2 orders of magnitude. Given
may be estimated to be 46 107% cn? s71, consistent with the  the rate constants obtained at different temperatures, an Arrhe-
obtained value. nius equation is adopted to determine the one-site and two-site
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Figure 7. Plot of pseudo-first-order conversion rate constants as 3.9x10" -3.9%10% _3.8x10" -3.8x10%
functions of 8M/daAV; to yield one-site and two-site coordinated rate
constants in the stirred mixtures at temperatures of (a) 30 and (b) 39 -1/RT

°C. W, d, anda denote the weight, density, and particle diameter of Figure 8. Arrhenius plots of one-site and two-site coordinated
the catalyst, respectively, andlV, is the effective volume of the conversion rate constantg,andk,, against the reciprocal of temperature
solution, which is replaced by a total volume of solution fixed at 10 on the logarithmic scale. The slopes yield the corresponding activation
mL. energies.

coordlnated activation energies to be 24.8 and 286.2 k3'nol s manner, the pseudo-first-order rate consténtsat different
respectively. temperatures may be evaluated. According to eq 2, the plot of
It is now possible, for the first time, to yield the activation  k, versus &V/daAV, yields one-site and two-site coordinated
energy for the quadricyclane isomerization catalyzed by GUSO  rate constantss; andk,. The results are listed in Table 3. The
This catalyst may facilitate the reaction by reducing markedly examples of the fit at 30 and 3% are shown in Figure 7.
the activation energy. For the still solution, the reaction is Herein, the effective solvent volumAVe, in eq 2 is replaced
primarily controlled via a 1:1 coordination between the reactant py the total solvent volume, as fixed at 10 mL throughout the
and the catalyst. The two-site coordinated reaction gives no experiments. Given the kinetic data, andk,, in Table 3, as
appreciable contribution at low temperatures, such aS8&7  shown in Figure 8, the Arrhenius plot yields the corresponding

but cannot be neglected as temperature increases. activation energy to be 24 3 and 275+ 3 kJ/mol.

C. Kinetic Rate Constants in Stirred Solution. In the The obtained activation energies for one-site and two-site
experiments of stirred solution, the diffusion factor is ignored. coordinated reactions are consistent with those obtained in a
We fixed the particle size of the catalyst at 3% um still solution. According to the Arrhenius equation, the activation

throughout the experiments. The concentrations of quadricyclaneenergy should remain constant, no matter whether the solution
left in the filtrates as a function of the reaction time are is agitated. Nevertheless, the collision frequency is enhanced
analogously determined by the PLS analysis. As shown in Figure under the stirred condition. While inspecting the kinetic data at
6, the concentration of quadricyclane decreases with the reaction39 °C, we find thatk; andk, are (1.3 0.8) x 10°s 1 A1

time. The decay rate increases as a result of the increased amourgnd (1.92+ 0.01) x 10°® s7* A2, respectively, in the still

of catalyst. Each decay curve may be fitted with an exponential solution, but the values increase to (%71.4) x 10°s 1 A1
function, as derived from eq 1 without the diffusion term and (1.27+ 0.06) x 107° s A=2in the stirred solution. The
involved. The conversion rate constants as a function of the isomerization rate constants become larger in the stirred solution,
catalyst amount may thus be evaluated. Similar experiments aresince the collision frequencies increase. This trend is consistent
carried out at varied temperatures of 30, 35, 39, an@Cl4n with the report by Moore and co-workefsEspecially for the
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