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Abstract—The effect of external pressure and solvent on the equilibrium constant of the-Alids
reaction of tetracyanoethylene with 9-chloroanthracene &€ 3Bas studied. The molar reaction volume is
strongly solvent-dependent, éfmol: -11.3+1.0 in o-xylene, -14.9+1.0 in toluene,~20.6+1.5 in 1,2-di-
chloroethane,—22.6+1.5 in ethyl acetate, and24.2+1.5 in acetonitrile.

The effect of increased external pressure on the rafecient, and this may show up in that the experimental
and equilibrium of chemical reactions at constanentropy of activation would be pressuredependent.
temperature fits the pressure dependences of the free
energies of activation and reaction-gl. If pressure- <o states has been actively discusseds]il
assisted changes in solvent properties exert no rate éﬁere are some grounds to state that when solvent has
equilibrium effects, which can also be simulated a%% g

. derate viscosity (<10 cP) and half-conversion time
atmospheric pressure, then the pressure dependen >%(T2 s), the probability of such equilibrium is rather
of the free energies of activation or reaction a

constant temperature allow the molar volumes o igh. For faster reactions in high-viscosity media, the

I : . ate at increased pressure is already diffusion-control-
activation or reaction to be estimated by Egs. (1 X
and (2), respectively. fed, and, therefore, not adequately described by the

transition state theory, while the molar activation
volume is already not the only factor controlling the
rate-pressure dependence [7, 8]. Polar and especially
In Kp/Ky = ~AVPIRT. (2) lonic activated complexes can strongly interact with
solvent; as a result, the partial molar volumes of these

Increased pressure affects such solvent properti€éateés decrease considerably, thus increasing the
as density, dielectric constant, and viscosity [4, 5Labsolute molar activation volume [9]. The largest
which may occasionally produce rate and equilibriunnolar activation volumes in such processes are ob-

effects, even if the states in hand have differeng€rved in nonpolar media, which is associated with
volumes. increased compressibility of nonpolar solvents

_ o [1-5, 9]. However, the allowance for the pressure-
Recently we showed [6], with heterolytic dipolar assisted solvent effect on the rate of heterolytic reac-
(2+2)-cycloaddition reactions and the Menshutkintions results in a much weaker solvent dependence of
reaction as examples, that the rate effect of externghe activation volume [6]. This may be accounted for
pressure is associated not only with change in thpy increased energy of interaction of the polar acti-
volume [Eq. (1),AV'], but also with a considerable yated complex with more polar solvents whose com-
(up to 30%) additional change in the free energy obressibilies are frequently, while not always, higher
activation, which results from pressure-assiste¢hat those of nonpolar media [5].
;:r?anges In the dielectric constant of solvent. One of o ¢ 4ription of pressure-assisted solvent effect
e reasons why relationships (1) and (2) for hetero- . :
lytic reactions deviate from linearity lies in the non-'nto experimental molar volumes of reactions between
e T Y : olar, nonpolar, and ionic structures [Eqg. (2)] can be
linearity of the dependence of the dielectric constan ’ ’

. . stimated  independently via the partial molar
(and its reciprocal) of solvent on external pressure. volumes of reagents and products, while the effect of

It terms of the transition state theory, change irelectrostriction of nonpolar and polar solvents, via the
solvent viscosity may affect the transmission coefpartial molar volumes of polar or ionic compounds in

The problem of equilibrium between initial and

In kp/ky = —AV'P/RT, 1)
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these media. Unfortunately, because of the podng reagent absorbances at increased pressure, main-
solubility of ionic compounds in nonpolar media, theirtaining constant temperature, and ensuring observation
partial molar volumes cannot be measured with suftime sufficient for the system to attain equilibrium. In
ficient reliability. For the highly polar Reichardt's preliminary experiments we found that the sharp tem-
zwitter ion (@ 12 D), no correlation between partial perature rise with pressure ceases withirb 3nin,
molar volume and solvent polarity was found [10]. while the optical density of the solution at Z5 no
éonger varies within 2 h iro-xylene and toluene and

Recently we showed [11, 12] that in cases where . = : o
one of the states enters strong specific interactionw'th'n 1 h in acetonitrile and ethyl acetate. For more

with solvent, a strong effect of the medium of theﬁrecise equilibrium constants all measurements were

. . rformed with a lar X :
molar reaction volume can be observed with nonpola'?e ormed with a large excess of one of the reagents

compounds, too. The partial molar volumes of tetra- For all the solutions we preliminarily determined
cyanoethylene, a strongacceptor £, 2.88 eV [13]), optical densitypressure dependences (Table 1).
cyclopentadiene, and their adduct in the Didller
reaction in 11 solvents we estimated molar reactiorpeI
volumes, criymol, which were found to sharply
decrease in going from-donor (21.8 in mesitylene,
—24.3 ino-xylene,-28.6 in toluene;-32.0 in benzene,
and -32.0 in chlorobenzene) tm-donor and inert
solvents £34.3 in cyclohexane;35.9 in 1,4-dioxane,
-36.81in 1,2-dichloroethane37.2 in dichloromethane,
-40.7 in acetonitrile, and45.6 in ethyl acetate). As

It should be noted that Tait's equation which

iably describes the dependence of solvent volume
on pressure fails to predict trends in the absorbance
of tetracyanoethylene and 9-chloroanthracene solu-
tions, since increasing pressure produces batho-
chromic shifts of the absorption bands. Therefore, as
the pressure increases, the optical density of the solu-
tions may increase, remain invariable, or decrease,
noted in [12], the partial molar volume of cyclo- dependlng_ on l\;\'hethﬁr'}'z megsureql at Lhe gescendmg
pentadiene varies along this series no more thag), 25¢€nding branch o the absorption bands, or near

2 cnt/mol, whereas the partial molar volumes of'tS maximum.

tetracyanoethylene and the adduct are comparable The equilibrium constants were calculated by
vary almost equally but in different direction, which Egs. (3) or (4), depending on whether the absorbance
results in a large difference in the partial molar reacof dienel or dienophilell is followed, respectively.
tion volumes (in going from mesitylene to ethyl

acetate 3V = —23.8 cni/mol). To assess the possible Kp
pressure-assisted solvent effect on molar reaction

Cs/(Cor — C€3)Co2 = (Dp1 — Dp/(Dy)coz

at Cg, >> Cyy, 3
volume, we estimated Dielélder reaction volumes 02 01 3
for tetracyanoethylene in a series of solvents from the  Kp = C3/(Coz — C3)Co1 = (Do — D)/(Dy)Coq
experimental dependence of the equilibrium constant at Gy, >> Cgp 4)

on external pressure [Eq. (2)]. The Diefdder reac-
tion of tetracyanoethylene with cyclopentadiene is Here D,, and D, are the initial optical density of
virtually nonequilibrium; therefore, we studied thegiene| before reaction and in equilibrium, ard
effect of external pressure on the equilibrium of theang p,,, the same for dienophilel . Obviously, T
reaction between 9-chloroantharacemg With tetra-  gptical densities should be reduced to the same pres-

cyanoethylene (). sure. SinceD,, and Dy, are more convenient to
Cl measure at atmospheric pressure, the equilibrium
NC.__CN optical densities at increased pressiubg ¢r D,) were
Oee + j[ reduced, using the preliminarily establishBd/Dp_,
NC™ ~CN — P dependence (Table 1), 8 = 1. Reducing the

| 1 optical densities to a pressur®)( at which Ky is
NC determined, would give the same result, since the

NC CN (Dg1 — kpDq)/(koD,) ratio for P = 1 is equal to

CN (Dos/kp — Dy)/(D,) for increased pressurB, where
Ko = Dp=41/Dp. Thus estimated equilibrium constants

P—
K 0 | are listed in Table 2.

i The molar volumes of the Dielélder reactions
with substituted anthracenes are always larger in
When measuring equilibrium constants at increasedbsolute value than those of the reactions with cyclo-
pressure, one deals with problems of directly measupentadiene and, especially, butadiene, even with the
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same dienophile [3,6]. The possible reason for this Table 1. Dependence of measured optical densy bn
difference is, in our opinion, reduced accessibility ofexternal pressure

shielded atoms of addudil for interaction with

solvent. In this case, the latter adduct has moreP, kg/cn? Dp/D, P, kg/cn? Dp/D;
cavities inaccessible for solvent, and, therefore, its

molar volume increases to a greater extent than those Solvent o-xylene, & 19050 cn?,
of the adducts with cyclopentadiene and butadiene. ¢, 1.59x10° M, Dp-; 0.564

The variation in the equilibrium constants with increas- 1 1 355 1.172

ing pressure for all the reactions (Table 2) is decribed 200 1.090 550 1.269

by Eg. (5), from which follows Egq. (6): 395 1.186 780 1.381

595 1.278 1000 1.474

- 800 1.370 865 1.418

InKefllp = @ + bP, ®) 990 1.453 660 1.319

AV = —bRT. (6) 890 1.413 460 1.222

710 1.333 300 1.140

For the pressure expressed in kgfenR = 520 1.238 150 1.072

84.78 kg cm K molt. As seen from Table 2, the 320 1.140 1 0.999

molar volume, criymol, of the reaction in study is 1 1.001 4

- (4.726:0.050)x 10 P;

~11.3+1 in o-xylene,~14.9+1 in tol _20.6+1. Dp/D; = (0.999£0.003) -
el in oxylene, ~14.901 In touene-20.65 1.5 n 21, r 0.9989, s 0.0071.

Solvent toluene,’. 22730 cn?,
c, 1.90x10% M, Dp_; 0.491

in 1,2-dichloroethane [6]-24.2+1.5 in acetonitrile,
and-22.6+1.5 in ethyl acetate. Thus, the strong varia-
tion in the molar volume of the Dielg\lder reaction

of tetracyanoethylene with cyclopentadiene, we 42; 11 062 1328 iigé
deduced earlier from partial molar volumes [12], 495 1.119 400 1.095
could now be revealed for the reaction of tetracyano- g5 1.181 270 1.053
ethylene with 9-chloroanthracene from the depen- ggq 1.142 120 1.016
dence of equilibrium constants on external pressure. 419 1.104 1 0.998
We failed to determine the partial molar volume of 1 0.999 1010 1.281
adductlll and the molar volumes of the reactions in 215 1.050 830 1.205
toluene ando-xylene because of the poor solubility 380 1.095 1 0.997
and the high degree of dissociation of compouhd 680 1.178 800 1.188
into the initial reagents. The molar volume of the re- 850 1.251
action in 1,2-dichloroethane has been determined in Solvent acetonitrile . 25770 cn?,
[6] from the pressure dependence of the equilibrium c; 6.30x10° M, Dp_; 0.295
constant £20.6+1.5 cnt/mol), from the difference in 1 760 0.888
the activation volumes of the direct—28.5+ 250 0.959 600 0.905
1.5 cn¥/mol) and reverse-6.5+0.5 cnt/mol) reac- 530 0.919 515 0.919
tions, and from the difference in the volumes of 1270 0.841 410 0.936
adduct Il (255.5+1.5 cn¥/mol), diene | (170.7+ 1100 0.861 255 0.959
0.5 cni/mol), and dienophilel (107.8:0.2 cn/mol), I8, = (1.00010.001) " (1.789+0.058): 10-4p
from which it follows that the molar reaction volumes (4_3%0io_458)x_108P2; n 12, r 0.9982, s 0.002.
estimated by the three independent methods fairly Solvent ethyl acetate}. 25770 cmit,
agree with each other. c; 8.03x10° M, Dp.; 0.708

Since the acceptor properties of tetracyanoethylene 1 1 775 0.955
are much reduced not only in going to the adduct, but 265 0.994 1015 0.933
also in going to the activation complex of the Diels g‘z"g 8'32% 23(1) é'ggi
Alder reaction [14], one can expect a similar solvent 820 0.950 425 0.985
effect on the molar activation volume of the reaction 1030 0.937 645 0.971
involving this dienophile. 1 0.999 820 0.953

EXPERIMENTAL w0 | ooes | 1| 1oos
570 0.972
Tetracyanoethylene, 9-chloroanthracene, and sol- Dy/D; = (1.001+0.001) — (2.813+0.526)x 10°P

vents were purified as described in [6, 12, 15]. The - (3.703£0.508)x 108P2% n 19, r 0.9916, s 0.002.
| I |

design of the barostat with direct spectrophotometrie
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Table 2. Optical densities of solutions at equilibrium Table 2. (Contd.)

reagent concentrationdDg) at increased pressure, their
values reduced from théE/D, — P) dependence té = 1
(Dcai0, and equilibrium rate constant&)( for the Diels-

Alder reaction of tetracyanoethylene with 9-chloroan-
thracene at 2%

P, kglcn?| D, Dealc Kp In Kp/K4
0-Xylene
Do 0.600,Cy; 2.04x 1072, ¢y, 1.59x 1073M,
v 19050 cntt
1 0.504 | 0.504 9.5 0
200 0.541 | 0.494 10.7 0.119
250 0.548 | 0.490 11.2 0.165
450 0.578 | 0.485 11.8 0.217
520 0.605 | 0.485 11.8 0.217
710 0.636 | 0.476 13.0 0.314
910 0.662 | 0.464 14.6 0.430
Dy 0.556,Cy; 2.04x 1072, ¢y, 1.50x 1073 M,
v 19050 cntt
1 0.479 | 0.479 8.7 0
460 0.564 | 0.463 10.8 0.216
960 0.648 | 0.447 13.1 0.409
Do, 0.566, Cq; 2.04x 1072, Cop 1.55x107° M,
v 19050 cntt
1 0.487 | 0.487 8.7 0
530 0.586 | 0.468 11.3 0.258
990 0.658 | 0.449 14.0 0.475

P, kglcn?| D, Dealc Kp In Kp/K4
Acetonitrile
Doy 0.663, Co; 6.32x10°7°, cyp 1.10x107° M,
v 25770 cntt
1 0422 | 0422 | 519 | ©

Doy 0.663, Co; 6.32x107°, cyp 1.10x107° M,

v 25770 cnt
980 0.234 | 0.270 | 1323 0.935
770 0.273 | 0.307 | 1054 0.708
565 0.317 | 0.347 828 0.467
215 0.370 | 0.383 664 0.246
Dg; 0.660, ¢y 6.32x10°°, ¢y, 1.25x10°3 M,
v 25770 cnt
1 | 0.399 | 0.399 523 0
250 | 0.347 | 0.362 658 0.230
505 | 0.295 | 0.320 850 0.485
775 | 0242 | 0272 | 1140 0.779
1015 | 0.205 | 0.238 | 1420 0.999
645 | 0271 | 0.300 960 0.607

INKp/K, = (-0.00154+0.0174) + (9.566:0.084)x 1074P;

n 11, r 0.9958, 5, 0.003.

AV —24.2+1.5 cmé/mol

InKp/K; = (0.0113+0.0082) + (4.4840.0427) 107*P
n 14, r 0.9918,s 0.021.
AV -11.3+1.0 cm¥/mol

Ethyl acetate
Doy 0.688, cq; 8.03x107°, ¢y, 5.66x107° M,

Toluene
Dy, 0.642, ¢y; 2.94x1072, cop 2.0x107% M,
v 22730 cmt
1 0.397 0.397 20.9 0
1000 0.385 0.307 37.1 0.574
910 0.386 0.313 35.7 0.535
750 0.396 0.333 31.6 0.413
280 0.401 0.376 24.0 0.138
1 0.398 0.398 20.9 0
Dy, 0.642, oy 2.94x1072, co, 2.0x107% M,
v 22730 cmt
1 0.398 0.398 20.9 0
260 0.396 0.374 24.4 0.155
525 0.391 0.346 29.1 0.331
760 0.380 0.319 34.4 0.498

v 25770 cnt
1 0.415 0.415 116 0
245 0.375 0.378 145 0.223
350 0.364 0.369 153 0.277
410 0.345 0.351 170 0.382
700 0.296 0.308 218 0.631
1000 0.249 0.266 280 0.881

Doy 0.688, cy; 8.03x107°, ¢y, 5.66x107° M,

v 25770 cnt
1 0.415 0.415 116 0
300 0.375 0.379 144 0.216
620 0.313 0.323 200 0.545
990 0.249 0.266 280 0.881

INKp/K, = (-0.001110.0114) + (5.926:0.062)x 1074P;
n 10, r 0.9951, s 0.023.

AV -14.9+1.0 cmé/mol
] ] ]

INKp/K, = (-0.00953:0.0108) + (8.9520.060)x 1074P;
n 10, r 0.9980, s, 0.003.

AV —22.6+1.5 cmé/mol
] ] ]
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Measurements in benzene and mesitylene were not
performed, since in the former solvent the absorption
bands of the reagents appreciably overlap, while in
the second, a very low equilibrium constant is
observed.

The concentration of the reagent taken in excess
was considered to be independent of pressure.
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