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On the basis of factor analysis of data malrices containing 35 empirical and n on-empirical para­
meters for 85 solvents (or a limited malrix of 20 parameters fo r 51 solvent s). an orthogonal set 
of parameters with normcd normal di ~.tribution ha s been suggested which charact erizes influence 
of the solvents on chemical processes. A four-parameter equati on has been suggested for descrip­
ti on of the solvent effect in the form A =- Ao -I a. AI' + Ii. BP -1 eEl' + Ppp. where AI'. BP, 
[ I'. PI' are newly introduced parameters express ing indi vidual types o f interacti o ns between sol­
vent and solute. A ccmparison has been carried out of these para meters with those defined earlier. 
The new set of parameters was tested with 22 examples taken from literature. The correlatio ns 
obtained show higher or comparable agreement a s comp,Hed with those carried o ut earlier. 
Values of the regression coefficient s make it possible to discuss the reaction mechanisms from the 
point of view of solvent effects. 

Solvent effect on chemical processes is intensively studied but far from fully under­

stood yet. At present there are two approaches to quantitative description of thi s 
effect. The theoretical approach de~cribes solvent as an isotropic environment of the 

di ssolved particles and characterizes it by a suitable macJOscopic quantity (relative 

permittivity, refractive index , cohesive enelgy) which is used in deriving the relation 
for the so called reaction field I. Application of thesc relations to the activation com­

plex theory gives a linear relation between logarithm of the rate constant and a func­
tion of this quanti ty 2 - S, the values of the given function being used as parameters 

characterizing the solvent in correlations of solvent effect on chemical processes. 

This approach has the drawback in that it only involves contributions of non-specific 

solvation. The other approach has found mOl e applications so far. Here the rate con­

stant parameter is considered to be a linear function of a suitably chosen empirical 
parameter. The empirical parameters are defined with the use of val iou s equilibrium, 

kinetic, and spectral models, and there exist more than 30 sLich parameters at pre­

sent6
-

8
. Mathematical formulation of this empirical approach was given by Taft 

and coworkers8 and denoted as LSER (Linear Solvation Energy Relationships). 

Success of this correlation depends mostly on the difference between the process 
in question and the model used for defining the chosen parameter. Therefore, ap­

proaches were suggested which describe the solvent effect by several parameters. 

Collection Czechoslovak Chern. Commun. [Vol. 48] [19831 



3288 Svoboda, Pytela, Vecefa : 

Katritzky and coworkers9 tested various multi-parameter equations applying combi­
nations of available parameters and recommended the best combination of the ET(30) 
parameter lO

, the Kirkwood function of relative permittivity 6 ,7, and a function of 
refJactive index 6 ,7. Koppel and Palm 11,12 presumed the interaction between solvent 

and reacting molecules to be separable into specific and non-specific solvation, They 
suggested a four-parameter equation in the form: 

A = Au + yY + pP + eE + bB, (1) 

where A is a symbol for the physico-chemical property dependent on solvent effect, 
Ao is value of the same pJOperty in gas phase, Y, P, E, B are parameters chatacterizing 
individual kinds of the solvent-solute interactions, and y, p, e, b are the regression 
coefficients characteJ izing sensitivity of the property A to the individual parameters. 
This equation was tested in 70 various examples 1. Most of the correlations showed 
a single term to be statistically significant. In more than 50 cases the term of electro­
philic solvation only appeared significant 7

. 

Krygowski and Fawcett l3
-

I S presumed the decisive role to be played by specific 
solvation of the substrate, and they suggested a two-parameter equation in the form: 

A = Ao + e<Ei30) + ImN . (2) 

This equation proved successful in 90% of the cases tested. Another mUltiparamet.er 
empirical relation, mainly for solvatochromic effects, was suggested by Kamlet and 
Taft 16

-
19 in the form: 

A = Ao + s . n* + a . r:J. + b . (J . (3) 

For the eases with no significant contribution of the Lewis acidity r:J. and basicity (J 
this relation was complemented by the term characterizing polarizability to give20 

A = Ao + s( n* + db) . (4) 

The equation was tested with data on solvatochromic shifts of various indicators and 
proved successful in this fie ld. Mayer21 

,22 used the so called donor-acceptor approach 

and the defined AN and DN scales and he suggested the relation 

L1 t1G = a . t1DN + b • t1AN + c . L1 t1G~v' (5) 

where t1G represents the Gibbs energy of the reaction or the Gibbs activation energy 
(t1G*), t1G~v is the standard Gibbs energy of evaporation, these values, as well as the 
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AN and DN values, being related to the reference solvent - acetonitrile. This model 
takes into account the cavity term described by means of t.G~v and connected with 
the idea of formation of empty cavities in the so lvent with the magnitude correspond­
ing to volume of sol ute molecules. 

Dougherty 23 based his correlation Eq. (6) on a consideration of so lute- so lvent 
interactions using the frontie! orbitals HOMO and lUMO: 

where J Pso lv and EA so lv mean ionisation po tential and electron affinity of the so lvent, 
respectively, the C!, C2 , C3 constants being dependent on ionisa tion potcntial and 
electron affinity of the substrate. In Eq. (6) the term (1 P ,o lv + EA so l ,,) reflect s the ioni­
sa tiOll strength of the solvent - an analogue of the Y paramcter, whereas the 1 Pso lv 

and (EA so lvY terms represent the electrophi licity and nucleophilicity of the so lVent, 
respectively. This equation was tested with limited sets of data only. 

These multi-parameter relation s seem to be Illuch more suitable and promi ssing 
in correlations of solvent effect as compared with the mono-parameter ones, because 
they express a greater part of the solvent-solute interactions. A certain imperfection 
of these relations or even unsuccessfulness ill some cases of application to chemical 
problems is probably due to the fact that individual terms of the correlation equat ions 
are not mutually orthogonal. Therefore, definition of such set of parameters represents 
one of the main problems in this field. 

The factor analysis analyzed in detail (inclu sive of the so lvent effect) in a book 24 

by Malinowski and Howery seems to be a suitable method for the above purpose. 
Bohle and coworker 25 carried out the factor analysis for 35 solvents and J 8 para­
meters and determined the minimum number of 4 factors, out of which the first 
is expressed best by means of the E or ET(30) parameters, the second , third , and fourth 
ones being expIessed by the Kirkwood function of relative permittivity, fUllction 
of refractive index, and parameter B, respectively. Chastrette26 carried out the factor 
ana lysis for 24 solvents and 6 parameters and detelTnined 5 factors , our of which one 
was assigned to dipole moment of the solvent, and the other ones were assigned si­
milarly to ref. 2S • Chastrette suggested conelatioll of the solvent effect by means of 
abstract factors. Fawcett and Krygowski 1 5 determined (by the method of main com­
ponents) the number of factors to be 2 and put them equal to DN and ET(30) (Eq. (2)). 
Finally, Wold 27 determined 2 main components using the method of main compo­
nents for 7 parameters and 65 solvents and solvatochromic data only. So far, the 
factor analysis has been applied in chemistry to complete data sets only, whereby, 
of course, the number of the used paJ ameters and solvents was considerably limited. 
The method, however, can be applied in principle to incomplete sets, t oo, which 
makes it possible to involve a greater amount of information in the source matrix. 
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The aim of o ur contribution was to adopt the factor analysis for classification of 
the solvent parameters suggested so far, for choice of the most suitable one for de­
scription of the solvent effect, and possibly for a suggestion of a new orthogonal set 
of parameters. 

DATA AND DATA TREATMENT 

Two sets of data were used for the ana lys is. The ba; ic se t I involved 35 parameters for 85 solvents 

(the ma trix was fi lled to 43'5%). As this matrix was considerably incomplete, the set 2 in vo lved 

20 parameters fo r the greatest possible number of 51 solvents (t he ma trix was fi lled to 77'9%). 
Table I gives a su rvey of the parameters and n umber of their val ues used in the individual sets . 

Table II gives a list of the solvents used in the two sets. The parameter 20 index of molecu lar 

connectiv ity nX o f the II-th order (rer. 8 6
), where /I means number of a bonds in the solven t molecu le 

min us the number of bonds to hydrogen - was calcu lated accord in g to ou r Own program. 

TABLE [ 

The used parame ters in the bas ic (set I) and the selected (set 2) sets of data 
- ----... ~.--.-- , .--~,- -.---.-,.- .. -.---------~-~---.---_._-----_._-- -~~ .. - --- •. --

No Pa ram eter /I (set I) II (set 2) Ref. No Parameter 11 (set 1) Ref. 

---~----.---.----------.---.. --~---- .- -

B 82 50 28 2 1 log kl 16 44 

E1'(30) 63 50 10, 29, 79 22 log kl 12 45 

Z 29 28 30 23 Q 12 46,4-7 

S 1I 38 33 3 1 24 ON/aNH I I 48 I 
b S 38 35 32 25 Y 9 49, 50 - 52 1 

DN 32 29 33, 14 26 XIl II 4 1 

85 51 34 27 L\C 8CH, 14 53 

11'6° 85 51 34 28 F 12 54 

9 ypc 85 51 29 BG 23 55 - 57 

10 ppcl 85 5 1 30 JI'jNO 25 20 

II c: 6 1 48 35 31 L\vp=o 20 58 

12 (/t4N 27 27 36 32 I'F 20 59 

13 AN 26 25 6, 15 33 cAIlOJ 25 60,61 

14 Jt* 52 48 6, 37 , 38 34 M~J /Br 17 62 

15 log P 29 29 39 35 <I> 20 54 

16 J 32 31 40 

17 XR 38 37 4 1 

18 02 32 29 42 

19 [J 44 42 18, 43 

20 nX" 84 50 

II Sl the parameter S defined by Zelinski; b S2 the parame ter S defined by Brownstein; C the 

Ki rkwood function of dielectric constant YP = (£ - 1)/ (2£ + I); d the func tion of refract ive 

index PP = ( 11
2 

- 1)/ (112 + 1); e the index of molecu lar connectivity of the n-th order. 

Collect ion Czechoslovak Chem. Commun, [Vol. 481 [1983J 



Solvent Efrect 3291 

The fac to r ana lysis was carried out according to ref24. The prog ra m was mod ified in ~uch way 

that the calculation o f element s of the correla tion matrix fro m the normed data 24 wa s o n ly ca rried 
ou t between two parameters for the solvents in which the twO parameters were measured. ]n the 

cases where no such solvent was found the correla t io n coeffic ient was pu t eq ua l to ze ro. This 

case on ly occu rred for the paramete rs 25 and 32 in the ba~ic set (set 1). For de termina tion o f 
the minimum number of the factors we used the fac tor ind ica to r functi o n IND by Malinowski 24 . 

The proper factor analysis was ca rried o ut by the me th od of itera tive calcula ti on of the COIllIllU­

nalities63
. The ro tation of the abstracts factor was carried ou t by the VARll\1AX llleth od 24. 

TABLE II 

Th~ solvents used for the factor a na lysis. se t I Nos 1- 85. se t 2 Nos 1- 5 1 
- --------- .. --- .. _-------- ._--_._-----

No Solvent No Solvent No So lve n t 

---------.----~-- ... ~ -------------_.-

Hexa ne 18 D ii sopropyl ethe r 35 Wat er 
He ptane 19 Anisol 36 Met hanol 
Cyclohexane 20 Phe net o l 37 Ethan o l 
Benzene 2 1 Tetrahy d rofurane 38 I-Butanol 
T o lue ne 22 D ioxa ne 39 2-Pro pan o l 

(, III-Xy lene 23 Acetone 40 t-Butyl alcohol 
p -Xyle ne 24 Butano ne 41 Benzyl alcohol 

Mesitylene 25 Cyclohexan o ne 42 1.2-Ethandiol 

9 Tet rachl oro methane 26 Methyl aceta te 43 2-Methoxyet hanol 
10 Ch loroform 27 E thy l aceta te 44 Acetic ac id 
II Dichi o ro llle thane 28 Acetanhydride 45 Triethylamine 
12 1,2-Dichloroethane 29 Formamide 46 Py rid ine 

13 Ch lorobenzene 30 N,N -Dimethylformamide 47 N itro methane 
14 Bromobenzene 3 1 N,N -Dimethy lace ta mide 48 Ni trobenzene 
15 F luoroben zene 32 HMPAu 49 Dimethy l >ulph ox ide 
16 Die thy l ether 33 Ace tonitri le 50 Sulfolane 
17 Dibutyl ether 34 Benzonitrile 5 1 Carbon di sulphide 

52 Cyclohexene 64 Methyl formiate 76 Fo rmic acid 
53 Ethy lbenzene 65 E thyl formia te 77 n-Pro pylam ine 
54 t-Buty l chloride 66 E th y l ch lo roace ta te 78 Anil ine 
55 Benzy l c hl o ride 67 Methy l benzoate 79 Pi per idine 
56 I odobe nzene 68 E th y l benzoate 80 Py rro le 
57 n-Butyl iodid e 69 Diethy l carbonate 8 1 N-Methylaniline 
58 Dipro py l et her 70 Dimethy l sulphate 82 N,N -Dimeth y la ni line 
59 D ipenty l ether 71 N -Methylformamide 83 Quinoline 
60 Diphenyl ether 72 H yd rogen cya nide 84 Ammonia 
iii Dimeth oxy methane 73 i-But y l alcoho l 85 Diethyl su lphide 
62 Furan 74 Cyclohexanol 
63 Acetophenone 75 Phenol 

- --.. ~-------------------

a Hexamethylphosphora mide. 

Collection Czechoslovak Cher. .. Commun. [Vol 48J [1983' 



.~ 

1 

------ --------- - --- ---
3292 Svoboda, Pytel a, Vecefa : 

T he cluster ana lysis was carried out by the me thod of the nearest neighbo ur64
_ The multi -fold 

linear regressions used for testing of the new set of parameters were carried alit accordin g to o ur 
own statistical program_ All the calcula tions were ca rried out with an EC 1033 computer. 

TABLE IU 

Coordina tes of parameters in factor space o f the bas ic se t (se t I) 
---- ---------

N o" F I F 2 F3 F 4 

- 0-035 0-019 0-455 - 0-039 
0-210 0-122 0-014 0-106 
0-26 1 -- 0-076 0-048 0-079 

4 0-205 0-062 0-128 0022 
5 0-21 7 0-141 - 0-016 0-036 
6 0-071 - 0 -068 0-412 - 0-067 

0-120 0-068 - 0-026 0-074 
- 0- 007 0-143 - 0003 - 0-509 

0-041 0-269 0-075 0-110 
10 - 0-010 0-144 - 0-001 - 0-513 
11 0 -245 - 0-002 - 0-048 0-133 
12 0-292 - 0-003 0-021 - 0-006 
13 0-280 - 0-010 - 0-053 0-012 
14 0-09 1 0-321 - 0-031 - 0 -163 

15 - 0-134 - 0-055 - 0-174 - 0-119 
16 0-307 - 0 -003 0-011 - 0-120 
17 - 0-023 - 0 -350 - 0-040 0023 
18 0-303 - 0-005 - 0-046 - 0-151 
19 - 0 -052 0-084 0-412 0-155 
20 - 0-040 - 0 -082 0-11 8 - 0-309 
21 0 -262 - 0031 - 0-139 - 0 -094 
22 0-019 - 0-043 - 0-020 - 0072 
23 0-099 0-075 - 0-174 0-224 
24 - 0 -262 0-091 - 0095 - 0-C02 
25 0-140 - 0-010 - 0-042 - 0-237 
26 0-255 - 0 -104 0-017 0-01 I 
27 0 -008 - 0 -274 0 022 - 0-106 
28 0-067 0-112 0-072 0-191 

29 - 0-007 - 0-068 0-502 - 0 -093 
30 - 0-042 0-370 0-014 - 0-051 
31 - 0-014 0-346 - 0-102 - 0-031 
32 0-080 - 0-312 - 0-076 - 0-010 

33 0-043 0-149 0-1 87 0-157 
34 - 0-045 0-304 - 0-044 0-106 
35 0-293 0-012 0-030 - 0-043 

For Ilumbers of the parameters see Table I. 
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RESULTS AND DISCUSSION 

]n both the treated sets we detelll1ined the minimum Ilumber of 4 factors, which 

agrees with the re sults obtained by Bohle a nd coworkers2S
. Tables HI and IV sum­

marize the coordinates of the individual paramet ers in the factor space for the two 

studied set s after completed rotation. From the data it is obvious that the parameter s 

mostly localized on the fir st factor a re those describing elcctrophilic solvation ability 

of the solvent, this being true (in the both set s) especial ly for the parameters AN 

( 13) and aC 4 N) (12) which are orthogonal with the o ther factO! s. Distinctly localized 

on the second factor are then the factors characterizing the solvent polarity , especially 

the Kirkwood fUI~ction o f relative permittivity YP(9). The parameters express ing 

Ilucleophilic so lvation abiliti es of so lvent as the Lewis basicity - B (1), DN (6), 

IJ (19), cu:d Bc (29) - are mon loca lized on the third abstract factor. The parameter 13 

(1) appears most orth ogora l to the other factors. The la st, fourth factor is mos t 

closely connected with the parameters describing the di spersion solvation forces -

TABLE IV 

Coordinates of parameters in factor space of the selected set (set 2) 

No" 

4 
5 
6 

10 
II 
12 

13 
14 
15 
16 
17 
18 
19 
20 

F I 

- 0'079 
0· 181 

0'305 
0·261 
0·225 
0·187 
0'154 

- 0 '010 
- 0 ,097 

- 0 '014 
0'297 
0'355 

0'390 
0 ·026 

- 0 ' 113 
0'373 
0·094 
0'363 

- 0'137 
0 '028 

F2 

0·0 12 
0·263 

- 0,018 

0·078 
(J·208 

- 0,208 

0·237 
0044 
00473 
0·046 
0·073 

- 0 '01 5 

- 0 '066 
00413 

- 0, 103 

0024 
-- 00480 
- 0,011 

0 ' 169 
- 0'320 

a For numbers of the parameters see Table I. 

Collection Czechoslovak Chern. Commun. [Vol. 48J [1 983J 

F 3 F4 
------------------.. -----.--------

0·610 O' GOS 
0' 002 0'092 
0·021 0 ·133 
0·144 (} (J14 

- 0,010 0051 
0·5W - 0, 161 

0'026 - 0,047 

- 0·010 - o' ceo 
0 090 0·068 

- O' C08 - 0'W4 
- 0,042 0'124 

0 022 0037 

-- 0,026 - 0,014 
-- 0,032 - 0,250 
- 0,152 - 0'167 
- 0 '014 - 0,114 
- 0, 046 0·106 
- 0'071 - 0,113 

0·472 0'140 
()'159 - 0,222 
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refractive index n~o (8) and its function PP (to). The said loca li zation is most distinct 

in the set 2, where the so urce matrix is filled much more , a nd the calculation is sta­

ti stically more significant. Hence, the results o btained agree with the idea by Koppel 

and Palm 1 . The so lven t effect must be described by using 4 par a me ters, out o f which 

two describe general non-specific so lva tion of polar and di spersion character and 

two describe specific solvation of e lectrophilic and nucleophilic character. This divi­

sion into 4 classes is also obvious from result s of the clu ster analysis carried out in 

the factol space. Table V gives resu lts of thi s analysis. The bes t parameter for the 

correlation equations of solvent effect with one parameter seems to be the ET(30) 
parameter by Reichardt which has thc highest communa lity for one factor in the fac­

tor matrix, involving thus the greatest part of variabi lit y of the so urce matrix. 

FJO m Table ]V we can then suggest the following best parameters for description 

of the individual solvation types: the AN paJameter (13) for spec ific so lva tion with 

electrophilic character , the B parameter (1) for specific solvation with nucleophilic 

character. The solvation of non-specific character is described best by the functions 

of dielectric constant YP (9) and refractive index PP (10) suggested earlier. The 

equation describing so lvent efrect in analogy to that by Koppel and Palm 7 (1) is 

lJ ansformed into Eq. (7). 

A = Ao + (/ . AN + b . B + y . yp + p . PP (7) 

The equation defined in thi s way has a drawback in that the AN parameter (13) 

describing the specific electrophilic solvation was measured in a relatively s mall 

number of so lvent s, and its values are experimentally inaccessible in ot her so lvents. 

TABLE V 

Result s of the cluster analysis in the factor space 

Class Se t I 

S. ET(30), Z, log "2' n. 
S I ' S2' aN/ aNH' Y , G. E, 1> 

a"N, AN, log P, XB' F. S2 

Set S 

AN. Z, SI ' S2' E. 

a '4N , log P, 0.02 

II HI·NO
, YP, It* . XR' ~GgcI I J ' XR' ET(30), 0. YP. 

l'ivp=o. vF ' 0AI ,O, . i\ l~~ [lr 11:*, "X 

III Bo ' B, DN . fJ B, DN, fJ 

IV PP, 115°, "x PP,lIf} 
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Therefore, for the correlation of the so lven t efTect it is more suitab le to use the rotakd 
abstract factors which were ass igned the above-mentioned physica l meaning. 
The parameter se t defined in this way would have severa l advantages as compared 
with the parameters of Eq. (7). The newl y suggested parameters wo uld not be defined 
on a single model but would invo lve info! Illation on the given interactio n cO lllmon 
for all the mode ls used. Thi s set wo uld have a great advantage in having the nor med 
normal di stribution, since the regress ion coeffic ien ts in the ex press io n type Eq . (7) 
wo uld express directly the significance o f the individ ual terms, which is imposs ible 
in Eq. (7), because the paramet ers used differ in their scale fact ors, and at leas t partial 
correlation coefficients mu st be known for eva luation of significance o f the individu a l 
tl' lms. Also not negligible is the poss ibility to calculate certain values of the paramcter 
for the so lvent s for which the parameters of Eq. (7) were experimentally inaccess ible. 

On the other hand , the thus suggested se t o f parameters ha s the drawback in th a t 
it is necessary to carry out - aner each co mpleti o n or ex tension of the source 
ma trix - a new fact or analysis and new ca lcula tion of these para meters. In o ur o pi­
ni on, however, thi s drawback is sufficiently counterbalanced by the above-l1lentioned 
advan tages of such set. Table VI gives values o f thi s parameter se t for the equ ation 

A = Ao + aAP + bBP + eEP + pPi> , (8) 

where AP means parameter of electrophilic so lvatio n (acidity parameter), BP relates 
to nucleophilic so lvation (basicity param eter), EP mean s polar so lva tion (electrostatic 
parameter), and PP relates to di spersio n so lvati on (polarizability parameter) . These 
parameters r epresent values of the rotated abstract factors obta ined by calculation 
for the ch osen se t (se t 2) of the solvent parameters. The regress ion coefficient s a, e, p, b 
ex press sensi tivity of the process to the given type of so lvati on, and Au is va lue o f the 
correlated quantity in a medium in which th e palameters AP, BP, EP, PP are equal 
to zero. In such solvent all types ofinteractioll s allain average va lu es. From values o f 
Table VJ it follows that thi s requirem en t is practica ll y fulfilled by cyc lohexa none. 

Table VII summarizes the correlation coefficient s of Eq . (9), 

Y = a + bX , (9) 

where Y al e va lues of individual solvent para meters defin ed earli er , and X are values 
of the AP, BP, EP, PP parameters defined by us, depending on the class into which Y 
was located by the cluster analysis. Values o f correlation coefficients of the can ela­
tion of AN, aC 4 N), Z with AP parameter of el ec( rophilic so lvation , that o f XR and 
(e - 1)/(28 + 1) with EP parameter of polar so lva ti on, tha t o f Band DN with BP 
parameter of nucleophilic solvati on, and th at of (/1 2 

- 1)/(/1 2 + I) and l1~o with PP 
parameter indicate that the set defined by us refl ects the individual types of solvent­
- solu te interactions. 
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~ TAIlLE VI 

Values of orthogona l se t of parameters or so lvent s with normed normal distribution 

I 
_._---------- --~---

No AP" BPI! Epc ppd 

--- ------_._--. 

I - OA51) - 0-391 - (J-W7 (J-22!) 

- 0-002 - 0 -203 - (J -41)4 0-053 

I 
- 0-151) - 0-251 - 0-1)47 - 0-021) 

4 - 0-419 - 0-373 - 0 -1 97 - 0-211) 

5 - 0-219 - 0-236 - 0-343 - 0-258 

I 
0-015 - 0-124 - 0-338 - 0-206 
0-017 - 0132 - 0-352 - 0-200 

- 0-028 - 0 -094 - 0-411) - 0-254 

I 
9 - 0-411 -- 0-41)5 - 0-332 - 0-021 

10 - 0 -090 - 0 -257 0-010 - 0 -012 

II - 0-01)5 - 0-223 0-076 0-000 

I 12 - 0-212 - 0-387 0-107 - 0-019 
13 - 0-243 - 0-240 - 0-080 - 0-348 

I 
14 - 0-173 - 0-199 -0-006 - 0-4 10 
15 - 0-074 - 0-173 - 0-085 - 0- 144 
16 - 0-429 0-089 - 0-269 0-295 

I 
17 - 0-157 0-132 - 0-410 0-059 

18 - 0-229 0-074 - 0 -356 0-235 
19 - 0-082 - 0-071 - 0 -114 - 0-273 

I 
20 -0-093 - 0-056 -0-140 -0-278 
21 - 0-277 O-12A - 0-047 0-098 
22 - 0-169 - 0-014 - 0-23A 0-054 

I 
23 - 0-188 0-059 0-121 0-251 
24 - 0-104 0-067 0-091 0- 189 
25 - 0-065 0-091 0-078 -0-095 

I 26 -0- 102 - 0-017 - 0-030 0-253 
27 - 0-191 O-OOS - 0-103 0 -1 94 

I 
28 - 0-003 - 0-104 0- 111 0-130 
29 0-708 O-IOS 0-541 - 0 -022 

30 0-045 0-266 0-21)4 0-001 

I 
31 - 0-022 0-308 0-237 - 0-0 79 

32 - 0-IA6 0-501 0- 136 - 0 -1 02 

33 0-089 - 0-073 0-215 0-310 

I 
34 - 0-114 - 0-059 0-207 - 0-308 
35 1-680 0-032 0-520 0-287 

36 0- 627 0-167 0-370 0-441 

I 
37 0-420 0-254 0-260 0-330 

38 0-197 0- 176 0-203 0-21 8 

39 0-226 0-202 0-208 0-29S 

I 40 0-053 0-220 0-070 0-207 

41 0-123 0-]01 0-187 - 0-21)5 

42 0-540 0-160 0-602 0 -1 51 

I 
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T ABLE VI 

(COl1lillll l!(/) 
.... _-_. __ . __ ._._._-------_. __ .• _-_ .. _--------

No AP" 

--_. -- --. --------------------------~----.----,.-

43 0-142 0-089 0-241 0-175 
44 0- 628 - 0 -008 0-136 0-303 
45 - 0-102 0-724 -- 0-567 0-048 
46 - 0-195 0-373 0-136 - 0-248 
47 0-057 - 0-1 86 0-331 0-202 
48 - 0-169 - 0-172 0-274 - 0-409 
49 0-053 0-261 0-372 - 0-170 
50 0-007 - 0-004 0-152 - 0-203 
51 - 0-222 - 0-072 - 0-115 - 0-445 

3297 

"The parameter of electrophilic solvation ; b the parameter of nucleophilic solvation; C the para­
meter of polar solvation; d the parameter of dispersion solvation_ 

The parameter set thus defined was applied to some more extensive data sets 
published earlier. The results are given in Table VIn_ It is obvious that a change in 
the reaction type is accompanied also by change in character of the solvation which 
atTects the process with statistical significance_ Out of the 21 examples tested we ob­
served statistically significant eJectrophilic solvation in ] 1 cases, nucleophilic solvation 
in 8 cases, solvation by dispersion forces in 7 cases, and polar solvation in 18 cases. 
Thus the polar solvation operated practically in all the examples studied, which is 
obviou sly due to non-specific nature of this solvation based on electrostatic forces 
which act on any polar molecule dissolved in the solvent. This solvation type does 
not operate in dimerization of pentadiene (reaction 2) where two non-polar molecules 
react with each other, and the reaction goes through non-polar (or isopolar) transi­
tion state. The absence of polar solvation in the acid-induced decomposition of 
J-phenyl-3-alkyltriazene (reaction 8) is due probably to the fact that nucleophilic 
solvation is decisive and affects strongly the whole process, which is confirmed by high 
va lue of regression coefficient of this term. 

Values of the regression coefficients p of solvation by di spersion forces show that 
this solvation type is the more significant the less significant are the specific electro­
philic and nucleophilic solvations_ E_g. in reaction 6, in which specific solvation makes 
it self felt velY distinctly, the said solvation type is in significant. In reactions 3 and 7 
specific solvation operates to lesser extent only (Jow values found for regression 
coefficients of this term). On the contrary, this type of solvation makes itself felt in 
the spectral measurements 17 and 19, whele specific solvation is practicaIly absent. 
Of course, also important here is polarizability of the reacting molecules, which is 
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3298 Svoboda, Pytela, Vecei'a : 

seen in reactions 10 -12, in which polariza bility of the reactants will be lower than 
that of the substrates in cases 17 and 19 invo lving aromatic n-electronic system. 

Reaction 1 belongs to th ose going through the free-radical transition state6 which 
are usually little affected by so lvent. The values of the regression coefficients in Table 
VIII show that the reaction is slowed down by polar a nd nucleophilic solvation of 
the starting substances. Introduction of pa ra-amino group into aJ omatic ring radicals 
causes polarization of the radical65 and, hence, it s better so lvation by polar so lvents . 
The amino group is also responsible for nucleophilic so lvation of the free rad ical. 
Fig. 1 gives a plot of logarithms of experimental us calculated rate constants. 
Obviously, introduction of the term of nucleophilic so lva tion improves markedly the 
cop elation of the effect of medium as compared with the correlation by Ito and 
Matsuda65 (logarithm of rate constant us ET(30)); the correlation of solvents is not 
decomposed into three groups (which was observed by the said authors65

). 

The reactions 2 and 3 go through cyclic isopolar transition states. The former 
(dimerization of pentadiene) involves reaction of two molecules which are neither 
markedly polar, nor polarizable. Moreover, they contain no functional groups which 
could interact with so lvent. Therefore, none of the so lvation terms has statistically sig­
nificant effect in the reaction. In reaction 3, one reacting molecule (maleinanhydride) 
has pola r character, hence the reaction is affected by the medium. The regression coef-

TAULE VII 

Values of correlation coefficients for relation Eq_ (9) 

Parameter (Y) AP(X) Parameter (Y) EP(X) 

AN 0·9257 XR - 0-9491 
Z 0·9207 ET(30) 0-8894 

SI 0-8289 Ii 0-7467 
S 2 0-8638 (0 - 1)/ (20 + I) 0-9166 
E 0·8946 7t * 0-8502 
a 14N 0-9627 nXv - 0-6298 
log P 0-8031 
15 0-9108 

Parameter (Y) BP (X) Parameter (Y) PP (X) 

B 0·9480 (11
2 

- 1)/ (11 2 + I) - 0-9712 
DN 0-9560 115° -0-9659 
p 0·8721 
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fic ients of the individu a l terms indicate that nOlle o f the interactio n types operates too 

di stinctly . 

The reactions 4 cu:d 5 go by Sr--; 1 mechani sm through dipola r transition sta te, hence 

they a re considerably sensitive to a so lvent change. The reaction is accelerated by 

so lvation of the polar transi tion state by polar so lvent s and, furthermore , by elect ro­

philic solvation of the an ion being formcd. From values of the regress ion coefficients 

it is obvious that the tran si ti on state of reaction 5 will be more polar, which indica tes 

a more advanced bon d splitting in the tran siti on state of this reaction as compared 

with that of reaction 4. The higher regression coefficient of the term of electrophilic 

solvation in the reacti on 4 indicates a more distinct so lva tion of the chloride ion be ing 

produced as compared with tosylate anion in reaction 5. The correlation was good 

in both the cases. 

The transition states of the rate-limiting steps of reactions 6 and 7 involve the 

proton transfer70
-

72
• The sa me arrangement o f the transition sta te is indicated by 

values of the regression coefficients of po lar solvation which are practically the same. 

]n accordance with findings of the auth ors 70 -72, the reaction 6 is affected by both 

electrophilic and nucleophilic so lvation , the two types of specific solva tion being de­

cisive and predominant over non-specific solvation . The in significance of electrophilic 

solvation jn the reaction 7 can be explained by delocalization of the electron pair 

-6~-L~-S~-L~IL09-k~'b-. ~--~--~2 

FIG. 1 

Dependence of logarithm of the calculated 
rate COnstant (Eq. (8» on logarithm of the 
rate Constant observed for reaction 1 (Table 
VIII). For numbers of the solvents see Table 
IT 
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FIG. 2 

Dependence of logarithm of the ca lculated 
rate constant on logarithm of the rate con­
stant observed for reaction 15 (Table VIII). 
For numbers of the solvents see Table II 
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TABLE VIII Ig 
Examples of application of the new set of parameters accord ing to the relation (8) 

A" Aoa aa b" ea pa nb R C sd Solventse 

1. log k of addition of p-aminoben- - 4'043 - 1-338 -1,831 19 0·947 0·2473 3-5,8- 12,15. 19.21 , 22, 
zenethienyl radical to styrene65 ± 0'06 ± 0'199 ± 0'207 27, 30, 33, 34, 45 , 46 

2. log k of d imerization of penta- - 5'462 14 4,5,9-11, 13,16,2 1-23, 
diene66 ± 0'131 36-38,40 

3. log k of the Diels-Alder addition - 1'022 0·419 - 0,804 0·457 -0,295 0·994 0·0320 4,9, 11,16,27,47,51 
of maleinanhydride to 1,3-buta- ± 0'027 ± 0 ' 167 ± 0'06 :1: 0 ' 146 ± 0'040 
diene67 

~ 4. log k of SN [ solvolysis of -4·885 2·925 3'153 20 0·990 0'3905 1,4, [3, 16,23,30,33. 

~ 
tert-butyl chloride at 120°C68 :f: 0'093 ±0'20 1 + 0'383 35-40,44- 49 

gO 5. log k of SN [ solvolysis of - 5' [87 1·574 3·7/0 I [ 0·972 0·4372 16,23,27,30,33,35- 37, 

I 
p-methoxyneophyltosy late at ± 0' [85 ± 0·137 ± 0'865 44, 47, 49 
75°C69 

6. log k of reac tion of benzoic acid 3' 123 -4'995 1'68 1 27 0·96 1 0'3 140 4- 15, 17- 23,25 - 27,30, 

E with diphenyldiazomethane 70-72 ± 0'602 ± 0' 371 ± 0'282 31, 34, 48 

~ 7. log k of reaction of 2,4-din itro- -1·198 - 1' 462 1·624 0·724 27 0'9 13 0·1950 4- 15, 19 - 23, 26. 27, 29, 
? phenol with diphenyldiazo- ± 0'044 ±0'203 ± 0'189 ± 0' 186 31,33,34,46-49 '{! 

b> methane70 0 
0-
0 3 0-

~ 8. log k of acid -induced decompo- - 1'040 -6,519 13 0·940 0·4558 4,5,8, /0, I I, 13, 16, ,?' 

sition of l-pheny l-3-a lky ltria- ± 0·137 ± 0'715 21-23,27, 33,49 "1:l 

~ zene 73 ~ 
F 

~ 9A. log k of the SN2 Menshutkin - 1'494 3-623 -1,469 32 0·846 0'6504 1,3- 14,16, 17,19 - 23 , 25, ~ 
reaction of tripropylamine with ± 0· 1l9 ± 0'431 ±0'477 27, 30, 33, 34, 36- 38, 41 , g: 

~ methy l iodide74 47,48,51 III 



iZ 9B. log k of the sa me reaction. the - 0,9 74 1' 339 4·105 28 0' 941 0·4390 1. 3- 14,1 6, 17.1 9- 23,25, II ~ solvents except for alcohol 74 ± 0' 122 :1: 0'629 ± 0'352 27,30,33,34,47,48,5 1 

§f 10. log k of the SN2 Menshlltkin - 1,541 3· 21 9 14 0·974 0·2348 3- 5.7-9, 12, 19,20,23, tTl 

f 
reaction of triethylamine with ± 0'066 ± 0'215 33, 34, 47,48 [ 
ethyl bromoaceta te 75 

l II. log k of the SN2 Menshutk in - 1' 180 2·952 14 0·971 0·2271 3- 5,7- 9,12,19,20,23, 

reaction of triethylamine with ± 0'064 ± 0·207 33 , 34, 47, 48 
Q ethyl iodoacetate75 

~ 12. log k of the SN2 Menshutkin - 4'356 3·094 0·974 0'0944 10. II , 13 - 15, 23, 25, 34, 48 
~ reaction of triethyla mine with ± 0 '03 6 ± 0'274 
3 

ethyl iodide 76 

~ 
<: 13. log k of reaction of diaza bicyclo- - 3-695 - 1'640 3·749 22 0·837 0'3926 4.5. 10, 13, 14, 19.21 - 23 , 
0 -[2,2,2]octane with l-chloro-2- ± 0'102 ± 0·495 ::t: 0 '579 25. 27, 30, 33, 34, 36 - 40, 

-phenylethane 77 47 - 49 -
14. log k of SN2 reaction of dia za- - 1·793 - 2'332 4·2 38 24 (J' S22 0·4973 4,5 , 9.10, 13.14, 19, 

~ bicycl o-[ 2.2.2 ]octanc with :l: () ' 11 8 ::!:: 0'6 14 "':: 0'654 21 - 23,25.27,30,33,34. 
l -bromo-2-phen yletha ne 77 36- 40, 47 - 49 

15. log k of S",2 react ion of dia za - - 1·299 - 2, 975 4·291 24 0·764 0·6017 as in 14 

bicyelo-[2.2.2]oelanc with ± 0'143 :1: 0·144 :1: 0'791 
l-iodo-2-phenylethane 7 7 

16. vntax '- n -+ n* UV(VIS speet- 27'900 0·545 - 2' 494 - 3,883 27 0·975 0'3769 1. 3- 5, 9, 11 - 13, 16, 19, 
rllm of p-nitroaniline (in cm - t ) ±0'074 ± 0229 :1: 0'271 ± 0'3 15 21 - 23,27, 30-32,3 5- 40, 

(reL IS
) 42, 45 , 46, 49 

17. lI max - 7r -,. n" UV(VIS spec t- 25·403 - 0'475 - 2,584 1'667 27 0·965 0·2784 asin 16 

rllm of N,N-dimelhyl-p-nitro- ± 0'056 ± 0 ' 184 ± 0·226 ± 0'286 
aniline (in cm- t) (ref,IS) 

18. lImax - n -+ n* UV (VIS speet- 32'624 - 2, 693 - 1· 876 0'897 23 0·981 0·2566 1, 3. 4 ,9, II , 12, 16. 19,2 1. 

rum of p-nitrhopenol (in em - t ) ± 0'057 + 0'257 + 0'21 8 + 0'276 22, 27. 30- 32.35 - 40. 42 . 

(refIS ) 46. 49 I~ I 
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TABLE VIII 

(Continued) 

AU Aoa aa ba 

19. vo1lax - 11: -+ 11:* UVjVIS spect- 32'641 
rum of p-nitroanisole (in cm - l) ± 0'054 
(ref. l8

) 

20. v(b~o) IR spectrum of Cl-chloro- 1 707·547 
acetophenone 7 8 ± O' 520 

21. vrc~8) IR spectrum of a-chl oro- 1 690·647 
acetophenone78 ± 0'345 

22. pKa of benzoic acid80 - 85 15'383 -6,118 - 13'891 
±0'878 ± 1·489 ± 3'377 

eU pa nb R C ~d Solvent~C 

-2·034 1·662 23 0·946 0·2447 as in 18 
± 0· 164 ± 0'264 

- 11 · 176 12 0·922 1·4451 3- 5,7,8. 13. 16.22.34, 
± 1·483 45. 46. 48 

-5'377 12 0·866 0·9584 as in 20 
± 0'983 

13 0·880 2'61 10 12,23,24,29, 30,33, 
35-38,40.42.46, 47,49 

[ a The regression coefficients and the Ao constant of the relation (8); significance of the coefficients was tested by the t test at the significance 
~ level ex = 0'05; b number of the solvents taken into the regression; C the correlation coefficient of the re lation (8); d the standard deviat ion; 
~ e for numbers of the solvents see Table II. 
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in the produced 2,4-dinitrophenoxide anion by strong mesomeric efJ'ect of nitro 
groups. Therefore, solvation of the phenoxide by medium will be less distinct than 
that of benzoate anion in the reaction 6. 

Reactions 9 -15 are the Menshutkin qu aternizations of amine going by SN2 
mechanism. From Table VIII it follows that all these reactions are affected distinctly 
by polar solvation due to the charges formed in the transition complex. The correla­
tion obtained for the reaction 9 in the greatest possible number of solvents (correla­
tion 9A) is not too successful, the protic solvents 36-38 and 41 (capable of formation 
of hydrogen bonds with free amine) being markedly deviated from the relation. 
With these solvents excluded, the obtained correlation 9B was more successful. Also 
relatively unsuccessful is the correlation in the case of the reactions 13 -15. Here 
again, the protic solvents 36-40 are markedly deviated, the same being true, more­
over, of a group of solvents having no general common property. Figure 2 gives the 
plot of log kobs vs the calculated logarithms for the reaction J 5, whjch illu strates well 
the described facts. The second above-mentioned group involves the following sol­
vents: 5, 19,22,25, 30,33,47,49. The sa me decompositio n of the correlation field is 
also observed with the reactions 13 and 14. The failure of this correlation can be due 
to the possibility of elimination reaction (phenethyl halogenide to styrene) accom­
panying the quaternization of the amine. 

Solvatochromic effects are correlated quite frequently in literature. The data of 
examples 16 -19 were used by Taft for definition of the basicity scale f3 based on the 
presumption that introduction of alkyl groups into hydroxy group of p-nitrophenol 
or into amino group of p-nitroaniline will prevent nucleophilic solvation of the sub­
strates by solvent. This presumption is verified also by values of the regression coeffi­
cients in Table VIII for the examples 16, 17, 18, 19. Also clearly seen is operation of 
the term of dispersion solvation in the case of the indicators for which the specific 
nucleophilic solvation is prevented (cases 17 and 19). Practically the same value of 
the regression coefficient of this term in the two cases indicates comparable polari­
zability of the two substrates. 

Comparison of the regression coefficients of the terms of polar solvation in the 
examples 20 and 21 indicates higher polarity of cis conformer of IX-chloroacetopheno­
ne, which agrees with findings of Bilobrov and coworkers 78. Also ratio of magnitudes 
of these regression coefficients agrees well with the value found by the authors cited. 

The low correlation coefficient in the example 22 is due probably to great experi­
mental error in determination of the dissociation constants of benzoic acid. The 
methods of titration in non-aqueous media are not fully unified yet, so the values of 
dissociation constants determined by various authors show a large scattering. In this 
case, too, as welt as in the reaction 8, position of the equilibrium does not depend on 
polarity or polarizability of solvent, because it is highly sensitive to specific solva­
tion - both nucleophilic and electrophilic. The both solvation types shift the equi­
librium in favour of ion formation , the ions being much more strongly solvated than 
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3304 Svoboda, Pytela, Vecefa : 

the non-dissociated acid. Especially distinct is the solvation of the pIOton being split 
off, which is manifested by the high value of the regression coefficient of the tel m of 
nucleophilic solvat ion. 

CONCLUSION 

Application of the set of parameters defined by us to some chemical processes shows 
that this set can be used for correlation of solvent effect on these processes. The ortho­
gonality and the HOlmed normal distribution of this set of parameters allowed to 
discuss the mechanism by which solvent affect these processes and make comparisons 
between various reactions. Moreover, they enable to draw conclusions about the 
reaction mechanisms and arrangement of the transition state. In all the cases studied 
the correlation was as successful as or more successful than that carried out by the 
authors cited on the basis of empirical parameters. These facts show advantage of 
the thus defined set of parameters and vitality of the multi-parameter approach to 
correlations of solvent effect. 
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