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The thermochromism of the pyridinium AN-phenoxide betaine dyes, betaine 1 and betaine 2, has
been studied in different solvents and over a range of temperatures and shown to yield
isoparametric (isokinetic) relationships (IKR). (The use of the more lipophilic betaine 2 enabled the
range of solvents to be extended to cover very apolar solvents in which betaine 1 is insoluble.)
These IKRs led to the identification of five different groups of solvents, each group showing
different solute—solvent and solvent-solvent mechanisms and being characterised by their functional
groups. The corresponding T,, values are, as demanded by theory, related to far-IR absorptions
that are characteristic of reaction heat baths, which in these systems are found to be the betaines
themselves. These groups are reflected in the relationship between Reichardt's £, values and
Gutmann’s acceptor numbers (AN) which is reinvestigated and each group shown to lie on one of
a series of parallel lines in the £; vs. AN plot. It is demonstrated that acceptor parameters depend

strongly on the donor properties of the probe used to obtain them.

The present paper is concerned with the close relationship be-
tween two well known solvent parameters, namely Reichardt’s
Er-values '+ and Gutmann’s acceptor numbers 2 (AN) and with
the interpretation of these. The former is the energy associated
with the longest wavelength charge transfer band of the betaine
1, expressed in kcal mol™!, and the latter is obtained from the
relative 3! P-chemical shift of the 1 : 1 solvent adduct of Et;POin
the particular solvent with hexane as reference solvent and using
the SbCls-Et ;PO adduct in 1,2-dichloroethane to define 100 on
the scale. A linear relationship between £ and AN has been
established by Mayer and Gutmann,?~* and this was later used
for estimating Er-based acceptor numbers (ANg values) for
solvents either not accessible by the NMR method or deviating
markedly from the expected values.> This implies an inter-
pretation of the E; values, originally conceived as a means of
describing solvent polarities, as providing an alternative scale of
Lewis basicities (i.e. the acceptor properties) for solvents.

At first sight a plot of all available AN and E; values (see
Fig. 1) would suggest that the existence of such a relationship is
of limited validity as many solvents deviate markedly from the
linear relationship illustrated by the full line in the Figure.’ This
full line, which is defined by relationship (1), appears to

AN = 1.29E, — 40.5 ()

represent a lower limit of the given points. (The series of parallel
lines is a result of the present investigation and is explained
below.) In fact the relationship (1) was established after
excluding various solvents, exclusion being supported by
chemical or physical arguments. Although these arguments
appear reasonable in many cases they are in general based on no
more than chemical intuition.® The important question of
whether it is possible to justify the exclusion of some solvents
and not others remained open and led us to reexamine to what
extent this relationship was in fact valid. Obviously further
information about solvent-solvent and solvent—solute interac-
tions was required.

T Often referred to as E4(30) values in the literature, but abbreviated to
Ey in this paper for clarity.
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Fig. 1 Plot of E; vs. AN for 56 solvents. The full line refers to the
previously reported linear relationship (1) between E; and AN: @ =
group 1 (‘well behaved solvents’); A = group 2 (alcohols); & = group
3 (aromatics); [J = group 4 (alkanes); 3% = group 5 (amines); O =
remaining solvents where no temperature dependent data are available.

From several thermodynamic and kinetic investigations it is
known that isokinetic (isoequilibrium) behaviour can often be
used to distinguish between different interaction mechanisms.®’
In general these effects are based on the occurrence of common
points of intersection in Arrhenius- or van’t Hoff-like plots. (In
the case where neither kinetic nor equilibrium data have been
employed directly these relationships might be called
‘isoparametric relationships’. However, we use the term IKR in
its widest generality since dynamic processes always govern
chemical systems.) It has been shown that when a single point of
intersection is found, the members of this group follow the same
reaction (i.e. interaction) mechanism, and that a (generalized)
linear free energy relationship (LFER ) exists.®~” In other words,
IKRs occur only when the reaction profile is essentially the
same. This is the approach adopted in this study.

Experimental
Measurements.—Additional to already available measure-
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ments on the thermochromism of N-phenolate-pyridinium
betaine dyes 1 and 2, in different solvents®!° further
measurements have been carried out using a Hitachi 2000
spectrophotometer equipped with a thermostatted cell holder.
Temperatures were measured in the cell and are accurate
within +0.02 K. Solvents were purified according to usual
procedures and contained (Karl-Fischer titration) less than 103
mol dm™3 water. Far-IR spectra of the betaines were measured
with a Nicolet 20F FT-FIR spectrometer.

IKR-Analysis.—Changes in the visible absorption spectra do
not directly yield rate or equilibrium constants for a solvation
process, however, because the solvatochromism of betaines is
related to an equilibrium distribution of solvent molecules
around the betaine, we have adopted the analogy to the
Arrhenius or van’t Hoff plots in our investigation and used plots
of Ey (betaine 1) and E'; (betaine 2) vs. 1/T which were indeed
found to be linear.?-!! Statistical analysis of the occurrence of
common points of intersection was carried out according to the
literature.5-12

Results
Temperature Dependent E+ Values.—Betaine 1 is insoluble in
very apolar solvents so the more lipophilic betaine 2 has been

=
<
g
Bu' O Bu'
pehaew
2

used as a probe for such solvents.'® Its E’; value, defined
analogously to Er, is linearly correlated to the latter eqn. (2). As
E'r = 0914E; + 3.43 (at 25°C) )

far as possible both betaines have been investigated in parallel.
Measurements of the thermochromism of the betaines have been
reported for both molecules.®-° Temperature dependent Ey- and
E’';-valuesforsolvents measuredin thiswork are givenin Table 1.

Based on both the already available and the newly measured
values we investigated the E; and the E’'; values for the
occurrence of isoparametric relationships. As expected from the
E; vs. AN plot no single point of intersection that included all
available solvents, was found. The available data do, however,
divide unequivocally into different groups of solvents exhibiting
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Table 1 Temperature dependence of absorption maxima and E; (E'y)
values for various solvents
Betaine 1
CHCl, EtOH Morpholine
T°C ifmm E'y  T/°C Aom E'y T/°C iom E';
93 687.0 41.6 39 5420 528 126 684.5 418
141  691.5 413 11.5 5455 524 20.6 690.5 414
19.1 6970 410 202 549.5 520 29.5 6955 4l.1
240 7025 407 29.5 5540 516 39.1 7005 408
289 708.0 404 389 5570 51.3 485 7075 404
337 7120 402 484 5620 509 58.1 7125 401
387 7165 399 580 566.0 505 67.1 7170 399
435 7220 39.6 675 5705 50.1 767 7240 395
484 7250 394 517 563.0 50.8 86.1 729.0 392
529 7290 392 41.8 558.0 512 951 7355 389
442 7210 39.7 325 5545 516 515 7075 404
363 7135 401 235 5505 519 232 6900 414
23.3 7000 408
Diethylamine Nitrobenzene Benzonitrile
7/°C A/mnm E’y T/PC JAnm E'y T/ °C Aom E';
32 7315 390 129 6695 427 135 6905 414
32 7375 388 204 6760 423 208 6750 424
7.1 746.0 383 295 6825 419 296 680.0 420
7.1 7490 382 386 6880 416 388 6845 41.8
116 75.0 378 479 6925 413 483 6885 41.5
1.6 7605 37.6 572 6975 41.0 575 6925 413
162 766.5 373 66.8 701.0 40.8 66.7 696.0 41.1
20.8 7725 370 76.1 7050 406 76.1 700.0 40.8
256 7765 368 857 708.5 404 855 703.5 40.6
303 781.0 36.6 952 712.0 402 947 707.5 404
351 7870 363 508 6935 412 50.7 689.0 415
409 7905 362 228 6760 423 237 6755 423
448 7920 36.1
49.5 7950 36.0
219 7655 373
219 770.0 37.1
Formamide Dimethylformamide = Dimethylacetamide
7/°C Aimm E'y T/°C Aom E'y T/°C Ji/nom E';
11.7  509.0 562 113 6545 437 12.0 669.5 42.7
20.6 5110 560 203 6570 435 202 6725 425
302 5125 558 298 660.0 433 293 6750 424
400 5165 554 393 6635 431 387 6785 42.1
49.7 5165 554 49.0 666.0 429 48.1 6820 419
59.5 5180 552 584 6680 428 574 6855 41.7
69.1 5200 550 67.8 6710 426 66.8 6838.5 41.5
790 5235 546 772 6740 424 760 691.0 414
790 5275 542 864 6770 422 851 6945 412
88.7 5300 539 960 680.0 42.0 934 6985 409
SI.1  517.0 553 504 6660 429 S50.5 6820 419
221  511.0 560 224 6570 435 239 6720 425
Betaine 2
CHCl, EtOH PrOH
T7/°C Amnm E'y T/°C Aiomm E'y T/°C Ai/nm E';
128 690.5 414 36 5525 517 111 563.5 50.7
164 695.0 41.1 11.3 5555 51.5 194 5675 504
20.5 7010 408 200 559.0 S1.1 28.7 5725 499
249 7060 40.5 293 5625 50.8 38.2 5770 496
29.5 711.0 40.2 389 566.5 50.5 47.7 5820 49.
341 7155 400 483 571.5 500 572 5845 489
388 7205 397 579 5745 498 670 591.0 484
434 7250 394 672 5780 495 764 5955 48.0
48.1 7285 392 408 566.5 50.5 86.0 6000 477
527 7310 391 240 5595 S51.1 503 5810 49.2
242 7040 406 227 5640 50.7
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Table 2 Statistical analyses for the occurrence of isoparametric relationships.”
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Group  Betaine T../K Viofom™  Ep Fgi. 1 Solvents®

1 1 83 58 62.9 0.115+.4;, Ac, An, DMSO, DMF, DMA, EtOAc, NMF, Py, NM
2 90 63 58.7 001844 Ac, An, DMSO, EtOAc, Py

2 1 130 90 68.9 0.2465 ,,, Gly, MeOH, EtOH, PrOH, BuOH, AmIOH
2 164 114 61.5 2.72 MeOH, EtOH, PrOH, BuOH

3 1 749 521 322 0.0415,4 PhH,PhMe, p-Me,C,H,, PhC,H,Ph,0,dioxene, DCE
2 670 466 32.0 234,11 PhH, PhMe, p-Me,C4H,, PhC,H, DCE

4 2 800 556 30.3 0.61,541, ©-CoH,,. decalin, C;H,q, C1oH,,

5 1 118 82.6 64.5 b Fa, Et,NH, en

@ Solvent groups found for the thermochromism of betaine 1 and betaine 2, isoparametric temperatures, T, associated isokinetic vibrational
frequencies, v,,,, isoparametric Ey and E'r-values, statistical F values, and the respective degrees of freedom f, and f;. ® Values estimated without
detailed statistics which could not be performed due to lack of data. © Solvents used in this study: chloroform (CHCl,); ethanol (EtOH); morpholine;
diethylamine (Et,NH); nitrobenzene (NB); benzonitrile (BN); formamide (Fa); dimethylformamide (DMF); dimethylacetamide (DMA); propanol
(PrOH); acetone (Ac); acetonitrile (An); dimethylsulfoxide (DMSO); ethyl acetate (EtOAc); pyridine (Py); nitromethane (NM); glycol (Gly); butanol
(BuOH); iso-amyl alcohol (AmIOH); benzene (PhH); toluene (PhMe); p-dimethylbenzene (PhMe,); phenylacetylene (PhC,H); diphenyl ether (Ph,0);
dichloroethane (DCE); cyclohexane; decalin; heptane (C,H,¢); decane; (C,oH,,); ethylenediamine (en); N-methylpyrrolidin-2-one (NMP);

trimethylphosphate (TMP).
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Fig. 2 Far-IR spectrum of betaine 1
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Fig. 3 Far-IR spectrum of betaine 2

independent, statistically significant points of intersection.
These groups are listed in Table 2.

Table 2 contains Ey;, values which refer to the ordinate
position of the respective common points of intersection in the
E; (or E';) vs. 1/ T plots. Using eqn. (1) Ey;,, can be transformed
into E'r;,, and vice versa emphasizing the accuracy of the
method used to identify the common points of intersection.”:!3
It has been established that T, values are related to the
vibrational spectra of the respective heat bath (i.e. the energy
source required to overcome the reaction barrier on a molecular

level).>!* In the case of large molecules such as the betaines
they are able to act as their own ‘heat bath’.¢ This has also been
found experimentally for the methylation of several betaines,
where iso-solvent relationships occur,!! and has been suggested
to account for deviations in the observed rate constants of the
intramolecular electron transfer within the betaine from
theoretical predictions.!® Cyclodextrins provide a further
example of large molecules capable of acting as their own heat-
bath.!® Such a (theoretically demanded) relationship requires
that the T, found for a reaction series should correspond to a
resonant vibrational frequency (in cm™!) given by v, =
kT,,/(hc 100) =~ 0.695 T, and this frequency must be present
within the investigated reaction system. (If this resonant
frequency is not available no IKR will be observed.®) We have
therefore measured the far IR-spectra of both betaines to enable
a comparison between T;, and the actual IR-absorption
frequencies to be made (see Figs. 2 and 3).

Correlation of AN with Er.—As mentioned above the
occurrence of an IKR is associated with a LFER. Different
isokinetic groups are associated with different (generalized)
LFERs and we have separately analysed the AN wvs. E;
relationship for each of the five groups (see Table 2).

Group 1. Fig. 4 consists of what could be called the ‘well-
behaved’ solvents, and includes some of the solvents previously
included in the linear relationship! between E; and AN. It
consists of acetone (Ac), acetonitrile (An), ethyl acetate
(EtOAc), nitromethane (NM), trimethylphosphate (TMP),
dimethylsulfoxide (DMSO) and pyridine (Py) [but not N-
methylformamide (NMF)]. The very low isokinetic tempera-
tures of 83 K and 90 K would correspond to vibrational bands
at 57 and 62 cm™!'. Unfortunately, the far-IR spectra obtained
show insufficient detail in the region from 50 to 200 cm™' to
confirm the corresponding absorption bands in the betaines.

The linear relationship found between AN and E; using these
solvents alone [eqn. (3)] is virtually identical to the general

AN = 1.29E; — 399 (r = 0.973) 3)

relationship (1) quoted above and it is this group of solvents
which enable the interpretation of E; values as a measure of
acceptor properties to be made. Indeed the solvents involved are
typical representatives for donor-acceptor interactions. The
solvents act as acceptors towards the phenolate oxygen of the
two betaines forming 1:1 complexes which indeed may
characterise this group.
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Fig. 4 Isoparameter plot (Ey vs. 1/T) for betaine 1 in solvents of group 1. (The respective plot for betaine 2 is given as an insert.) Curved lines refer to

statistical F-values (for details see refs 6 and 12).
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Fig. 5 Isoparameter plot (Ey vs. 1/T) for betaine 1 in solvents of group 2

Group 2. Fig. 5is made up of the alcohols (with the exception of
isopropanol and tert-butanol which can be explained on the basis
of the large steric hindrance of these two compounds when form-
ing coordinated species). Ty, refers to a v, of 90 cm™! for betaine
1 and for betaine 2. v, is 114 cm™!, both of which would
again fall into an inaccessible range of the available far-IR

spectra.

Fig. 1 shows that a linear relationship between AN and F; in
fact also exists for this group (and the other groups) but that the
line is parallel to that of group | and shifted towards higher AN-
values. In other words the alcohols appear to be better
acceptors towards Et;PO than towards the betaines and an
explanation of this appears in the Discussion. The correlation is
given by eqn. (4).
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Fig. 6 [Isoparameter plot (E; vs. 1/T) for betaine 1 in solvents of group 3 (the respective plot for betaine 2 is given as an insert)

AN = 1.31E; — 29.6 (r = 0.985) 4)

Group 3. Fig. 6 includes aromatic hydrocarbons such as
benzene, toluene or phenylacetylene, ethers, and 1,2-dichloro-
ethane. The members of this group appear to interact not via
the phenolate oxygen but via weak interactions with the =n-
electron systems of the betaines. For steric reasons this should
be less pronounced for betaine 1 and indeed a less clear cut
common point of intersection is found for this group (c.f. the F-
parameter of 3.24 compared to Table values F, ,, = 3.36 for
o = 0.05). This might also suggest that the solvent interactions
with betaine 2 are not based on rn-interactions although they
certainly are weak. The well defined Tj, for betaine 1
corresponds to a vibrational band at 520 cm™! which is indeed
found in the far-IR spectrum of the betaine 1 (Fig. 2). The IR-
spectrum of the betaine 2 (Fig. 3) shows an absorption at 478
cm™! with a shoulder at 464 cm™' which corresponds well with
the required v;y,-value of 466 cm™'.

Again this group exhibits a highly significant linear
relationship between AN and E;, again parallel but shifted to
higher AN values than that of group 1. The correlation is given
by eqn. (5)

AN = |.30E; — 36.0 (r = 0.985) 5)

Group 4 consists of alkanes. Since betaine 1 is insoluble in
very apolar solvents, only E’; could be measured. Although the
thermochromism is not very pronounced the v, value of 556
cm™! (calculated from T,) corresponds extremely well with the
strong absorption band of betaine 2 found at 556.6 cm™!. The
correlation of AN with E; is given by eqn. (6).

AN = 1.29E; — 40.5 (r = 0.999) (6)

Group 5 consists of the amines and amides. Unfortunately
lack of temperature dependent data makes the characterisation
of this group less successful. However, it seems reasonable to
include it as separate group on two grounds: firstly, regression
analysis leads to eqn. (7) and secondly this line approaches that

AN = 1.39E; — 33.5 (r = 0.999) )

representing the alcohols, and in both of these series hydrogen
bonding is important (see Discussion).

Further groups. It seems highly unlikely that other groups
(depending on other functional groups) do not exist, but lack of
temperature dependent data makes further analysis impossible.
For example, in Fig. 1 the two points exhibiting the greatest
deviation from the basic correlation line represent ethanoic and
methanoic acid in that order and one might well expect to find
that ethanoic acid lies on a straight line representing a whole
series of carboxylic acids with methanoic acid as an exception.

Discussion

It was suggested by Reichardt!” that betaine 1 forms 1:1
complexes with alcohols via a hydrogen bond and this could be
the characteristic mode of interaction for these compounds. A
comparison with the thio-betaines (which it can safely be
assumed do not take part in such bonding) suggests,!” however,
that the hydrogen bond, if it exists, is very weak.

For interactions between the alcohols and Et,PO, however,
1:2 and even 1:3 interactions certainly contribute to the NMR
measured numbers. Correction of the acceptor numbers to refer
to 1:1 interactions can be achieved by making use of an IR-
method.'® When this is done the ANs are indeed brought into
coincidence with the basic linear relation derived from group 1
solvents. (The points in Fig. 7 are linked when values derived by
both methods are known.) We suspect that this will also hold
true for other solvents that can involve hydrogen bonding, but
no IR data are available at present. However, another way of
looking at this effect is as follows. If the probe is a strong donor
(and this is certainly true of Et,PO) then the attached species
will be affected in such a way as to encourage the binding of a
second molecule to the site (e.g. by hydrogen bonding). This, in
turn, will lead to an increase in the effective acceptor properties
of the species [c.f. the effect of this phenomenon in increasing the
donor and acceptor properties of bulk water (solvent) over that
of an isolated H,O (solvent) molecule].2-'® This is, therefore, a
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Fig. 7 Plot of E; vs. AN for group 2 solvent (alcohols). Open symbols
() refer to acceptor numbers corrected to 1:1 interactions between
solvent molecules and Et;PO.!® The lower regression line is that for the
previously reported linear relationship between Ey and is identical to
that of group 1 solvents (‘well behaved solvents’).

207 o
45
42
1912 30
15
184 0

v/i10%cm™

17 1

Fig. 8 Relationship of an acceptor scale based on the interaction of
[Fe(bipy),(CN),] with various solvents with E;. The insert shows its
relationship to AN. (A = alcohols; @ = group 1).

plausible explanation for the increase of the ANs obtained by
the NMR method (dependent on bonding to a strong acceptor!)
over those obtained via Reichardt’s method (which depends on
a weak donor). Furthermore, since the interaction depends on
the donor properties of the probe, it will also depend upon
the type of interaction involved and hence, in general to the
functional group present on the solvent.

It is important to note that the extent to which solvents are
separated into groups in the AN vs. E; plot c.f. Fig. 1) is a
function of the strength of the donor probe, and as such is in no
way unique to Et;PO as a strong donor or to the NMR
method used.? If for example we look at the solvatochromism
of [Fe(bipy),(CN),] (bipy = bipyridine) in solvents of group 1
and group 2 we can use the data of Toma and Takasugi?! and
treat the shift in frequency of the absorption band as another
acceptor scale and plot these vs. E; (Fig. 8). The shift in
frequency observed for this compound arises from solvent
interaction with the cyanide ligand which is a strong donor, and
thus the separation of the solvents into two well separated
groups is observed (Fig. 8). (The same would be the case for
[Fe(phen),(CN),] (phen = 1,10-phenanthroline), well known
as a colour indicator 22 for the AN, but insufficient data using
this compound are available for this purpose.) Furthermore,
since the donor properties of Et;PO differ from those of
[Fe(bipy),(CN),], a plot of AN wvs. the absorption band
frequency also demonstrates an analogous (but much smaller)
separation into the two groups.
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Fig.9 Variation of the intercepts on the AN vs. Ey plot (Fig. 1) with the
AN of the solvents

Table3 The relationship between the intercepts on the AN vs. E; plots
and the acceptor number of the solvents.

Solvent Intercept  Aintercept ~ AN-range
Alkanes —40.5 0 0-3
‘Well behaved’ —-399 0.6 2-16
Aromatics —36.0 4.5 5-20
Amines -33.5 7.0 20-36
Alcohols —29.6 10.9 28-40
Carboxylic acids” —14.5 26.0 53
(Methanoic acid)® 15.5 56.0 84

“ Based on ethanoic acid alone. ® Assumed to be unique.

In Table 3 the various groups are presented in order of their
intercepts on the AN vs. E; plot (these are then referred to the
alkanes as zero) together with the range of ANs observed for
each group. When the differences in intercept are plotted against
AN (Fig. 9) we see that the deviation of the parallel lines from the
limit of that for solvents with almost zero donor and acceptor
strengths (i.e. the alkanes, Fig. 1) increases fairly smoothly with
increase of acceptor number of the solvent. This is to be
expected from the discussion above, and explains the failure of
previous attempts to fully correlate acceptor number with
Reichardt’s E; value.

Because the betaines are poor donors, any acceptor scale
based on these measurements will be internally consistent as
long as it is applied to weak donor systems. However, for strong
donor systems, using the appropriate scale would mean
allowing for the donor properties of the species being
investigated (Figs. 1, 7, 8 and 9). Thus we propose, as a
compromise, that the AN values should only be adopted as a
working acceptor number scale whenever a strong donor species
isinvolved, using the ANg values for weak donor species. This is
supported by the fact that many correlations such as that of the
second-order rate constants for the substitution of fluoride in p-
nitrofluorobenzene by azide*3-2° with acceptor properties of
the solvents are far better when using ANy, values (or available
AN values corrected so as to involve only 1:1-interactions)
precisely because the species involved are poor donors.

In a recent study of the donor properties of anions ?* it was
demonstrated that the effective donor numbers obtained
depended strongly on the acceptor properties of the solvent
concerned. This is the converse of the effect noted in this work
and leads to the firm conclusion that both donor and acceptor
numbers must be related to the contrary attribute and that
internally consistent scales using only one parameter (i.e. an
invariant order) can only be obtained when the contrary
attribute is of low value.
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