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An Infrared Spectroscopic Investigation on the Complexes

Formed Between Boric Acid and Salicylate Ions
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The infrared spectra of the salicylate —boric acid complexes in
aqueous solution have been recorded in the range 1500—800 cm™.
The structure of the complexes is discussed and the stability con-
stants have been determined from the spectral data (8,=17+3
M7, B,=9+6 M2 at pH=7).

Following an investigation by infrared spectroscopic techniques on the
complexes formed in aqueous solution between boric acid and lactate
ions,! we have endeavoured to investigate in the same manner the complexes
formed between boric acid and salicylate ions. It is well known that salicylate
ions form complexes with boric acid (e.g. Refs. 2 and 3). As in the previous
investigation,! we have chosen to perform the measurements at such a pH —in
this case pH="7 — that the predominating boron species is the boric acid.

Then the reactions by which the complexes are formed can be written as

HO - ”0\ /°
(HO):1B  + O\D = P +  H0 )
- HO O,C

0
or B+S = BS+H,0 (2)
with the stability constant
By = [BS]/[B] [S] (3)

and

HO o T o - 0 ° -

\B\/ + 0 I) _ [j< \/B\/ p + OH™ + "zo
Ho”” O >c PN (4)
0~ 0 C\O O,C
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or
BS+8S == BS,+0OH +H,0 (5)
with the formation constant K,’
K,' = [BS,] [OH"]/[BS] [S] (6)
At a constant pH one can write
K, = K,'/[OH"] = [BS,]/[BS][S] (7)
and the stability constant S,
> = [BS,)/[B] [S]? (7a)
EXPERIMENTAL

The experimental technique was the same as before, i.e., the spectra were recorded
with a Perkin Elmer 521 grating spectrophotometer, using IRTRAN 2 windows in the
cells, and the cell-thickness was defined by a platinum spacer of about 20 ux. All solutions
were 3 M in respect to NaCl. The reference cell also contained 3 M NaCl, expect for some
ca,;ses when some boric acid was added to compensate for excess boric acid in the sample
solution.

As the thickness of the cells was constant during this work only absorbance data are
given, not absorption coefficients.

RESULTS

Some representative spectra are given in Figs. 1 and 2. Fig. 1b represents
the case when Cy=1.0 M and Cy=0.5 M. Hence it is to be expected that the
equilibrium (1) is shifted towards the right hand side so that most of the sali-
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Fig 1. Spectra of sodium salicylate + boric acid. (a) Cg=1.0 M, Cg=0.5 M (ref. solution
Cp=0.75 M); (b) Cg=1.0 M, Cg=0.5 M (ref. solution Cy=0.5 M).
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Fig. 2. Spectra of sodium salicylate + boric acid. (a) Cg=0.5 M; (b) Cg=1.0 M, Cz=1.0 M;
(¢) C4=2.0 M, C3y=0.8 M.

cylate is present as the first complex. As the concentration [S] (the concentra-
tion of free salicylate) is then very low, the presence of BS, can certainly be
neglected. Hence this spectrum is representative of BS. This is further borne
out by a comparison with Fig. la. In this latter case the reference solution
had C;=0.75 M whereas in the case of Fig. 1b the reference solution had
Cy=0.5 M. It is seen that an almost perfect compensation of the H;BO,
absorption band at about 1400 cm™ is obtained for Fig. 1b but a strong over-
compensation is found for Fig. la.

In Fig. 2a the spectrum of pure sodium salicylate (0.5 M) is given. A com-
parison between Fig. 2 and Fig. 1b then gives information on the new absorp-
tion bands that appear on formation of BS.

1. The bands at 1480 and 1455 cm™ disappear and instead one, or possibly
two, bands at 1470 em™ are formed.

The band at 1387 cm™ is shifted to 1359 em™ and broadened.

The band at 1340 cm™ disappears.

A new band appears at 1269 cm™.

Two new bands appear at 1080 and 965 cm™.

All other bands are almost unaffected by the complex formation.
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INTERPRETATION OF THE SPECTRA

The following rationalisations can now be made:

1. The bands at 1480 and 1455 cm™ are to be related ¢ to the “19 A” and
19 B”’ vibration modes of the aromatic ring system 3, as is also probably the
band system at 1470 em™ of the complex.

2. The bands at 1387 (1359) em™! are the sym. carboxylate vibrations. A
shift towards lower frequencies of this is usually found ¢ upon coordination.

3. The band at 1340 cm™ most probably corresponds to a § C—0—H
mode, as this band disappears for a salicylate solution that is 3 M with respect
to NaOH (Fig. 3a).
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Fig. 3. (a) Spectrum of 0.7 M sodium salicylate in 3 M NaOH; (b) spectrum of sodium
salicylate (1.6 M) and sodium borate (0.8 M) at pH=13.

As no band corresponding to this can be found in the complex spectra
(within the spectral range investigated) this is support for our formulation of
the complex BS, i.e. without a proton on the C— O group.

4. The band at 1269 cm™ probably corresponds to the C — O stretching mode
in the complex, shifted to this position from 1250 em™. However, it can be
observed that this latter band 1s still found in the spectrum of the complex
(¢f. Fig. 1 b). We cannot explain this in any other way than that there is such
a strong bonding to the boron atom that a splitting of the phenolic C—0O
stretching mode occurs, 7.e., the C—O group can no longer be regarded as a
separate unit but is incorporated in the chelate ring and participates in the
skeletal vibrations of the ring.

5. The two bands at 1080 and 965 cm™ correspond to a splitting of the triply
degenerate BO, v, vibration. The absorption of B(OH),” occurs at 945 cm™
(¢f., e.g. Ref. 7). This fact is very important ! as it shows that the boron atom
is really tetracoordinated also in the first complex.

Actually it would be expected that the v 5 vibration mode should give rise
to three absoption bands for symmetry C,,(BS,) or lower symmetry (BS).
Possibly the shoulder at about 915 cm™ is an indication of this (Fig. 1b).
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The splitting of the vy, vibration could be related to the shift of the ».q,
in the case of the lactate complexes previously investigated.! The present
pair of values 4y, and 7.y, does not seem to fit the linear relation then!
found. However, we have found above that the bonding between the boron
atom and the phenolic oxygen is quite strong so it is reasonable to assume
that it is this bonding rather than that to the carboxylate group that causes
the splitting of the »; band.

6. All other bands, not affected by coordination, ¢.e. the band at 1030 cm™
and the doublet at 1146 and 1158 cm™, are most probably related to the
aromatic ring vibrations 5“5’ and ““(9A, 9B)”, respectively.

INTERPRETATION OF THE COMPLEX EQUILIBRIA

The fact that the band at 1455 cm™ can be attributed solely to the free
ligand makes it possible to perform a rough calculation of [S] for any solution
of composition Cy, Cg. From the spectrum of pure salicylate (Fig. 2a) the ab-
sorbance 4,5 at Cs=0.5 M can be calculated and [S] can be obtained from
A 455 of the other spectra. The results of these calculations are given in Table 1.
The accuracy, of course, depends upon how the background line is drawn in
each case.

Furthermore, the mean ligand number, 7%, can now be calculated:

'ﬁ'=(os'“ [S])/OB (8)

The results of this latter calculation are given in Table 1 and Fig. 4. Now,
applying the method of Bjerrum 8 in its simplest form one obtains the forma-
tion constants

K, = B, =1/[Sli-o0s (9a)
Ky =1/[Sli-15 (9b)

Table 1. Absorbance data of some solutions (Cg,Cg) for the band at 1455 cm™. (pH=17,
except where otherwise stated.)

(%/[S) &B) Ay El%[]) —log[S] "

0.5 0 0.331 0.5 Fig. 2a
0.5 1.0 0.036 0.05 1.3 0.45 Fig. 1b
0.75 1.0 0.073 0.11 0.96 0.64

1.0 1.0 0.111 0.17 0.77 0.83 Fig. 2b
2.0 0.8 0.62 0.94 0.03 1.33 Fig. 2¢
0.75 0.5 0.193 0.29 0.54 0.92

1.0 0.5 0.313 0.47 0.32 1.05

1.5 0.5 0.615 0.93 0.25 1.14

1.0 0.25 0.453 0.69 0.16 1.26

1.5 0.25 0.786 1.19 —-0.08 1.24

1.8 0.9 0.65 0.97 0.01 0.91 pH=8
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10 1 Fig. 4. Experimental values of # at pH=17
(CD, at pH=8 (M). The points (7=0.5,
log[S]= —1.22) and (7=1.5, log[S]=0.28)
oS} 1 have been read from a rough curve through
g [S the points ([]). The full-drawn line is
o [S] calculated from the stability constants thus
estimated.

Although we have only a few experimental points, and thus hardly can
expect to get the two parameters with any great confidence, it is seen (Fig. 4)
that the points fall rather well on a smooth curve, a fact that facilitates in-
terpolation and extrapolation. The resulting values are

Bi=17+3 M1 and K,=05+0.3 M1
If we now combine f, and K, by the relation

ﬂz = ﬂ1K2 (-10)

we obtain f,=9+7 M2 and we can consequently calculate %7 at any value
of [S] as a check of the formation curve. Alternatively, and with more confi-
dence, one can estimate B, from the relation B,=1/[L]% ;. This yields
fa=9+5 M2

Furthermore, and more interesting, we can check the validity of formula
(6) in the following way. Whereas all measurements hitherto discussed were
made at pH=7, one spectrum was recorded at pH=8. The absorbance at
1455 cm™ of this spectrum is included in Table 1 together with the correspond-
ing value of 7. Now, if formulae (1) and (4) are correct, an increase of pH by
one unit will not affect f; but as K,’ contains the factor [OH ] it must hold that

(Kz)pH=8=O~l(K2)pH=7 (11)

Consequently, (f,)pu-s=17 M™ and from the relation (10) (B5)pu-g=0.9.
From these values we can calculate 7ipn-g at [S]=1.0 M. The result is

1742

———— = 1.0
141741

7P =
This value is in rather good agreement with the experimental one (Fig. 4),
thus indicating the correctness of our general formulation of the equilibria
(1) and (4).

It is also interesting to compare our value of #, with that given by Kolthoff3
from measurements of the solubility of silver salicylate in boric acid at a lower
value of the ionic strength than we have used. He reports $,=22+2 M™
which is in reasonable agreement with our value. It must be remembered that
as the formula (1) has one charged unit on each side, the variation of the activ-
ity coefficients with the ionic strength will probably cancel out to a large extent
in the expression for #,. Thus the fact that almost the same values of §,
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are obtained at pH =5 (Kolthoff 3) and at pH =7 (present work) indicates the
correctness of the formulation of (1), ¢.e. the splitting off of the phenolic proton.

The stability constants thus estimated indicate that the salicylate-boric
acid complex system is a relatively weak one. This is further borne out by
our measurements at a high pH (pH=13; Fig. 3b) from which it can be seen
that the spectrum is a superposition of that of the salicylate and B(OH),”
ions. This means that the equilibria (1) and (4) are completely displaced to
the left hand side as the boric acid — borate ion equilibrium is itself displaced
entirely in favour of the borate ion at that pH.
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