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ABSTRACT - The pH dependent stability of esters of boric acid and borate with 
glycol, glycolic acid, oxalic acid and glyceric acid as dihydroxy compounds 
has been studied. IIB NMR provides a suitable analytical tool for the 
quantitative determination and structure elucidation of the various esters 
in aqueous medium. The pH dependent stability of esters of boric acid and borate 
is formulated in a general rule of thumb: eaters of boric acid and borate vith 
dihydroxy compounds in aqueous mediura show the higheat stability at that pH 
where the sum of the charges of the free l sterifying species is equal to the 
charge of the ester. 

Esters of boric acid and borate have found widespread use as a tool in configurational 

analysis, for instance of carbohydrates,’ and in a variety of separation and chromatography 

techniques. 2 This class of compounds has been studied for more than a centory,3 using several 

analytical techniques. ’ The possible equilibria betveen boric acid, borate and the corresponding 

esters are surmarired in Fig. 1. Boric acid (B’) Is a Lewis acid and can bind a hydroxyl ion 

forming the borate anion (B-1. Both boric acid and borate can react with a suitable dihydroxy 

compound CL). resulting in the boric acid ester (B’L) and the borate mnoester (B-L), 

respectively. Subsequently, these tw esters can react with another dfhydroxy compound to give 

the borate diester (B-L2). 

C Oh 
OH 

B’L [E;I+oH w [I 
O,,,OH 

B 
0; ‘OH B-L 

\t 

B-L, 
Fig. 1. Equilibria between boric acid. borate 

and dihydroxy compounds fn aqueous medium. 

Throughout this paper a distinction between esters of boric acid and of borate is mede by the 

use of I0 and h, respectively. me indices “0” and “-” do not alvays stand for the actual 

charge of the ester hot denote the charge of the BO3 or SO4 moiety. As dfhydroxy compounds 

dials, hydroxycarboxylic acids and dicarboxylic acids are possible. Ihe corresponding esters 

possess structures as shown in Fig. 2. 
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Pig. 2. gsters of boric acid and borate 
_ _ . _ 

B” + L =G B”L + 2 H20 KBO 
B’L 

- [LPLl/ 

B-+L s B-L + 2 H20 Kf - [B-L!/ 
B- L 

B-L+L f B-L2 + 2 H20 
KB-L 

“4 

- [B-L21 

0x011~ ocla 

O 0 

0 1 ‘B-OH 
0' 

giycolic ocia ana oxalic ocia. 

The association constants for the various equilibria Involved are 

1)o+oH-,c Ii- KBO - Isl/[Bol*Ioy_l - 
B- 

B-]*[Ll 

rg-Ll*lLl 

Boric acid and boric acid ester6 are neutral compounds. In the crystalline phase the central 

defined as follows: 

8.5*104 (US 

(II) 

(1111 

( IV) 

boron atw Is surrounded by three oxygen atom6 In an almost planar fashion vith O-B-O angles of 

about 118’. 6 In aqueous solutions, however, we propose these compounds to form an adduct with 

one water molecule. lhe central boron atm Is then surrounded by four oxygen atoms but the 

syatea still remains without charge. llw central boron atom In borate and borate esters Is 

coordinated by four oxygen atoms. Ihe geometry I6 tetrahedral because the O-B-O angles are circa 

109’.6 Borate and borate esters are negatively charged. 

Boric acid and boric acid-like structure6 are considered to be the reactive species in the 

esterlfication due to the east of substitution of the relative loosely bound water molecule by a 

dihydroxy compound In comparison with substitution of a hydroxyl Ion in borate or borate-like 

8tructure6. l’he raxhanism of the formation of esters of boric acid and borate proposed by Kustin 

and Pircr’ is given more extensively In Pig. 3. Iht rate of exchange between boric acid and 

borate lo very fast and diffusion controlled.g~9 At low pH it only consists of proton transfer 

and at high pH of hydroxyl transfer. All the other steps involving proton transfer are assumed 

to be fast too. The nucltophilic substitutfon reaction6 are relatively slow. The bound water 

molecule II, displaced and a new 8-O bond Is formed. At the moment it cannot be decided what the 

kinetic order of the nuclcophilic substitution reaction 16. As a result of the chelate effect 

the subsequent ring closure Is relatively fast in comparison with the attack of a free dihydroxy 

compound at a reactive boric acid-like species. Thus the latter 6teps are considered to be the 

rate determining steps in the formation of e6ter6 of boric acid and borate. lhe equilibria 

between B- and B-L and between B-L and BL2 as given In Fig. 1 are therefore not realistic from 

a kinetical point of view but can be defined thermodynamically. 

Some 30 papers have dealt with the stability of esters of boric acid and borate. The 

Influence of the pH on the stability, however. ha6 not been studied eysttmatically. In addition, 

most of the techniques used (such as potentioaetry and polsrimetryl give no direct Information 

concerning the Identity of the eaters involved. 
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+O@l-HI0 
BCOH), (OH11 

w 

HO~~-13t0”)2~OHJ . 
HO 

Fig. 3. Mechanism of formation of eaters of boric acid and borate. 

In our laboratory several multinuclear NMR techniques are applied to study cation 

coeplexation phenomena of (poly)hydroxy(poly)carboxyllc acids 10 and of combinations of these 

acids vith borate. B NI!R was therefore an obvious choice in the study of esters of boric acid 

and borate, especially because this technique provides direct information concerning ester 

formation. Table I gives some important physical data of the tw boron isotopes, ‘0~ and “B, 

which are both N?lR sensitive. 

Table 1. Physical data for “B and ‘*B nuclei.” 

Nut leus 

Spin 

Resonance frequency at 4.60 T (MHz) 

Natural abundance (X) 

Relative sensitivity at constant 

fteld for equal number of nuclei 

(+I - 1.00) 

Relative sensitivity in one molar 

aqueous solution ( ‘H - 1.00) 

Electric quadrupole moment (1O-28 m2) 

‘OB 1lB 

3 ‘J/2 

21.06 64.16 

18.83 RI.17 

I .88f 10-2 0.165 

3.5*10-3 0.12 

0.111 0.0355 
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“B NMR ie cmre suitable than *‘B N?iR for two reasons. Firstly, the hXR sensitivity in a one 

molar solution for l*B is approximately 40 times larger than that for “B. lhis is due to the 

difference in natural abundance and to the NXR sensitivity for an equal number of nuclei. 

Secondly, the resolution in ‘l B NhR spectra is better. This is a result of the higher resonance 

frequency of l*B Ntig and of the smaller quadrupole moment of “6 which rules the linewidth. 

Until now ‘1 B N?4ll was mostly used in the studies of boranes, carboranes, heterocyclic (N, 0, 

P) boron compounds and metallo derivatives in organic solvents. II,12 II B NMR studies of 

compounds with boron coordinated only by oxygen atoms are scarce and have been usually performed 

in organic solvents. *‘B NJ0 was used to study the equilibria between boric acid. borate and 

several polyborate species in water, especially with respect to the dependence of total boron 

concentration, pit, 13,14,15 and the presence of metal ions. 16.17 in dilute solutions only one 

average signal was observable and therefore the exchange of boric acid (6 - 0.0 ppml and borate 

(6 - -17.6 ppn) is fast on the “B N?IR time scale. Furthermore, it was shown that polyborate 

formation occurs only at total boron concentrations above 0.2 mole/l. Henderson et a1.18 were 

the first to use “B NhR for identifying borate esters of dip16 in water. These results were 

applied in the carbohydrate field.19 Borate ester formation and hydrolysis was found to be slow 

on the ” B NFlR time scale. Chemical shifts for borate mono- and diesters of 1,2- and 1,3-dials 

were measured. Ihe determined association constants showed good correspondence vith values 

obtained by other techniques. I8 

In this paper a “B h?iR study is presented dealing with the influence of pH on the stability 

of esters of boric acid and borate in aqueous solution. As dihydroxy compounds a 1,2-dial 

(glycol). an a-hydroxycarboxylic acid (glycolic acid), a dicarboxylic acid (oxalic acid) and a 

compound combining a 1,2-dial and an a-hydroxycarboxylic acid function (glyceric acid - 2,3- 

dihydroxypropanoic acid) are used. A general rule for determining pH dependent concentration 

optima of esters of boric acid and borate will be put forward. 

RESULTS AND DISCUSSION 

In Figs. 4, 5, 6, and 7 the influence of the pH on the concentration of the different boron 

compounds is given for L - glycol, 2o glycollc acid, oxalic acid and glyceric acid, respectively. 

The points were determined experimentally vith “B N?Jg vhile the curves are calculated from the 

association constants obtained (except for L - glyceric acid). Chemical shifts tag0 - 0.0 ppm) 

are given in Table 2. The association constants (Table 3) were calculated using equations (I)- 

(IV) together with the p&r’s of the dihydroxy compounds and the following material balance 

equations: 

‘B - [B”l + LB-1 + [B”L1 + [B-L] + [BL21 (V) 

CL - IL] + [BbLl + [B-L] + 2 [B-L,] (VI) 

Cl9col 

For L - glycol (Fig. 4) only one signal is observed for pH < 8. lhis signal shows an upfield 

shift upon an increase of pH and is assigned to the equilibrium between B” and B- which is fast 

on the “B Nhg time scale. At pH > 8 two new signals are observed vhich are assigned to B-L and 

B-L2. thus the exchange between B- and B-L and between BL and B’L2 Is slov on the *lR W time 

scale. A further increase of pH above 11 has no effect on the concentrations of B-L and B-L2. 
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0 I 

0 4 El 12 

- PH 

Fig. L. Clycol (L; 1.0 M) and boric acid/borate (B’/R-; 0.1 M): 
distribution of species as function of pH. 

These phenomena csn be explained by rewriting the equilibria from Pig. 1 ss 

p + L =zz B-L + H+ + H20 

go + 2 L Zz R-L2 + H+ + 3 H20 

B-L and B-L2 are formed at high pH which means in practice that B- is present in solution. 

Consequently borate esters of glycol can only be expected in the region vhere pH > pK,(boric 

acid) (9.07); experlnentally pH > 8 is found. At pH - II, [B-l = Cg and s further increase of pH 

has no effect on [B-l. Therefore, [B-L] and [B-~21 reach maxima. 
0 

The presence of $L could not be demonstreted. Vhen this ester does exist KBo should be 

small or 6,0, = 0 ppm. In the latter case the experimental signal at 6 - 0.0 p&mlhas to be 

attributed to the equillbrlllm between B” and B’L (fast exchange on th: “B NXR time scale) 

Pa61B2’ however, has shown that the former explanation is correct: KB f 0. 
B’L 

When L = glycolic acid the pH dependence is quite different (Fig. 5). At low pH s sinR1~ 

sfgnal is observed with s chemical shift between +0.4 and 0.0 ppm. It fs assigned to the 

equilibria between go and B’L vhich is fast on the II B NMR time scale. Rise of pH results in s 

second signal, attributed to B-L2 with a maximal intensity at pH - 3. A third signal appeers for 

8-L with a maximal intensfty at pH 7. A further increase of pH results in the disappearance of 

the B-L and B-L2 signals and only the siRna1 for B- remains. ‘Ihe difference in pH dependence for 

L - glycolic acfd in comparison with L = glycol is due to the easy deprotonatfon of the former 

compound. 

L f L- + H+ pKa(glycolfc acid) - 3,82.22 

The amount of B’L vi 11 be large vhen [ ISo1 and IL1 are large. therefore at pH < pKa(~lycolic 

acid). hlwn bath [Lj and IL-1 are large, formation of B-L2 sccordlng to 

80 + L + L- f B-L2 + 3 H20 

will be optimal. At pH = pKa (Rlycollc acid). vhere [L\ = IL-l, a maximum in [P-L21 is reached. 

In principle BL can be formed either from R” and L- or from b and L. ‘Ihe latter possibility. 

however, can be excluded because pK,(glycollc acid) < pK,(boric acid). ‘Ihis means that R-L 

exists vhen L- is present. I.e. upon dissociation of glycolic acid: 

B” + L- ?z R-L + H20 
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Fig. 5. Clycolic acid (L; 1.0 M) and boric acid/borate (B”/6; 0.1 m): 
distribution of species as function of pH. 

When the pH reaches pKa (boric acid) [B-j increases. The equilibrium for B-L then may be 

rewritten as 

g- + L- z B-L + OH- + H20 

It is obvious that an increase of the pH causes dissociation of B-L. In other words, the pH 

optimum for B-L is attained when pK,(glycolic acid) < pH < pKa(boric acid). Our experimental 

results fully agree with this picture. 

As was stated above the difference in pH dependence of the stabilities of the borate esters 

of glycol and glycolic acid can be understood by their difference in pK, (- 14 and 3.82. 

respectively). his is in agreement vfth the results of Sienkievicz and Roberts, 23 who studied 

the influence of pH on the phenylboronate eater stability of 4,5-dihydroxynaphthalene-2,7- 

disulfonic acid and 2,3-dfhydroxynaphthalene-6-sulfonic acid. Boronate ester formation with 

these aromatic dials shows also optima, viz. at pH - 6-7 and g-9, which are close to the 

corresponding pK, values (5.45 and 8.12, respectively). 

Oxalic acid 

When L - oxalic acid (Fig. 6) only one signal could be observed besides the signal for the 

equilibrium between @ and h. lhis signal is attributed to BL. A maximum for [B-L1 has to be 

found at the pH where IL-1 and [B”] are maximal 

go + L- ZC B-L + H20 

Fig. 6. Oxalic acid CL; 0.25 II) and boric acid/borate (R’/h; 0.1 M): 
distribution of species as functfon of pH. 
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Since oxalic acid is a dicarboxylic acid (pKI - 1.23; pK2 - 4.19**) the pH optimum for B-L has 

to be pH - (pK1 + pK2)/* - 2.7. This value is close to the experimental maximum for /R-L] at pH 

= 3. “B NPUt gave no indication for the occurrence of KL2 which would be expected at pn = PKI. 

Therefore only the upper lfmit for KB_L could be calculated. Again R”L could not be detected 

either.. 

Although glycerfc acid is the simplest molecule in vhfch 1,2-diol and a-hydroxycarboxylfc 

acid functions are combined, its picture for ester formatfon as a function of pH is rather 

complicated as shown in Fig. 7. Here two types of ester formation are possible as depicted in 

Fig. 8, which generally holds for polyhydroxy(poly)carboxylfc acids. 

0 10 $L(aOHocld) t B”+ B- 

Fig. 7. Clycerfc acid (L; I.0 Pf) and boric acfd/borate CB’/B-; 0.1 Fc): 
distrfbution of species as function of pH. 

oli-4 -/ \,./ ‘\I 

B-tLdIol), pH=4 11 pH:9 pn-1 B‘(LaOHacld), 

6-c L 6101) . B-fLaOHacuf) 

\ pH=7 / 

PH’4 

LaOHacld * LaOHocv.i 

Fig. 8. Equilfbrfa between boric acid. borate, glyceric acid and glycerate in aqueous solution. 

l%he notations Ldi,,l and LaOHactd indicate the way glyceric acid fs esteriffed, viz. as a 1,2- 

dial or as an a-hydroxycarboxylf; acid. At low pH an average sfgnal for the equflfhrium between 

B” and B”L is observed. Since KBo for L - glycol is smaller than that’ for I. - glycolic acid. 

glycerlc acfd will be bound as !nLo-hydroxycarboxyl1c acid fn B’L. Between pH I and 8 glycerfc 

acid behaves like glycolic acid and signals for B- (LaoHacfd) and h (LoOtlacfd)2 are observed. 

Haxlmal concentrations of these two species are found at pH - 2 and 6, respectfvely. A further 

increase of pH reduces the stability of the borate esters of the a-hydroxycarboxylic acid type 

but enhances the stability of the borate esters of the dfol type. A new signal for 
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B-(Ldiol)2 
appears vhlle the chemical shift of B-L changes sliRhtly, probably as a result of a 

shift from B (L 
aOHacid) to B- (Liiol ). As yas observed for L = glycol an fncrease of pH above 

II has no effect on IB- (Liiol)] and 19 (Ldiol)2j. 

Cbaical sblfts 

With the aid of Table 2 it is obvious that each type of ester of boric acid end borate is 

characterized by .a chemical shift range, viz. 6 (B’L) - +l to 0 ppm, 6 (B-L) - -11.5 to -14.5 

ppn and 6 (B-L2) - -8 to -10.5 ppn. For E-L and B-L2 (L - dial) this was already reported by 

Henderson et z11.l~ The chemical shifts of BL and BL2 reported by these authors for L - Rlycol 

(6 = -13.4 and -9.6 ppm, respectively) agree well virh our values. The variation of chemical 

shifts vithin the given ranges can be explained using increments as will be shovn in a 

forthcoming paper. Other chemical shift data of borate esters reported fn the literature belong 

to acyclic borate esters (B(OR)&: R = Me, 0; 6 - -15.6 to -16.3 ppm)” and cannot be used for 

comparison vfth our data. Chemical shifts of boric acid esters are only known for acyclic 

species (B(OR)3: R - alkyl, 0; 6 - 0.5 to -3.3 ppm) and for boric acid esters with the residual 

hydroxyl group substituted by an alkoxy group (6 - G.3 to 0.8 ppm).‘4 Our experimental shifts 

of +0.4 ppm are In the same range. 

Table 2. “B chemical shiftsa of esters of boric acid and borate 

L glycol glycolic acid oxalic acid glyceric acid 

aOHecid dlol 

B’L 

B-L 

B-L2 

-13.8 

-10.0 

+0.4b 

-11.9 

-a.4 

-14.4 

+0.4b 

-12.R 

-9.4 

-13.1 

-8.7 

a Relative to 0.1 II boric acid as external standard: D20; 20 ‘C. 

b Estimated. 

Association COostsots 

The association constants as obtained from Fig. 4-7 are shown in Table 3. Boric acid esters 

proved to be more stable for L = a-hydroxycarboxylic acid than for L - dial, dfcarboxylic acid. 

This is in agreement with results found in the literature (L - poly01,~~ L - a-hydroxycarboxylic 

acid2’). Pe_rhaps electronic effects and ring strain play a role. ‘Ihe association constants 

Iikr 

and KB L (L = glycol) 

BSL2 techniques. l8 

agree with values obtained already by other workers using “B NM or 

The association constants for L - glycerlc acid bound as a dlol, 

are larger than those for L - glycol as is to be expected from an extrapolation of published 

essoclation constants of substituted glycols suct~ as 1.2-propanediol, la 3-methoqy-1,2- 

propanedio12’J end 1-chloro-2,3-propanedio12’ (KB_ - 2-20; KB_L - 0.5-2.5). KB_ for L = 

carboxylic acid can be rewritten more realistic& b 
BL 

as B L2 

KBO - [ B-Lj/[ B’]*[L-] = KB- l Ka(boric acld)/Ka(cerboxyllc acid) (VIIl 
B-L B-L 

according to the actual equilibrium: 

B” + L- f B-L + H20 
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Table 1. Assoclntlon constants of esters of boric acid and borate’ 

L glycol Klycollc acid oxalic acldh alycerlc acid 

a(Ycacld dlol 

1.n - I 

1.n 

0.16 

I .kfi In5 

20 

1.2 

1.79IOR 

< n.5 

2.9 

- 105 

- 25 

- I 

h.? 

0.62 

= D20; :n ‘C; cg - 0.1 t4; CL - I.0 n; I - 3.0. 
b CL - 0.25 n. 

8” 
0 

Values of K vlth 

KB” Ol 

calculated In this vay arc also included In hhlc 3. A co~m~rlson of Ku0 

_ (I. = .-Bh~droxycarboxyllc arld) shows that the sfflnlty ofoborlc acid is equal fo,R t and L-. 

ABc~‘~parlron vlth lltrrature d.fa 7*25*28 lndlcatcs that our Kn values arc circa 10 tines 

rcnallrr. me llterarurc method used, potentlomerry. provldea f-L ess dlrcct lnformatlon and thus 

one Cannot be_ surr that the supposed number and type of compounds ln the system 1s correcI. ‘Ihe 

far1 tha! K lsL forL - dlol 1s snaller than for 1. - 

B-L2 (I. =.dlol,‘* 

a-hydroxycarboxvllc acid is also found by 

“LhCTI L = a-hydroxycerboxyllc acfd? and 1s probably based on electronic 

zffccts. 

-Chrxc Rule” for Redlctlq @thl pR Stabflity 

On the busls of the present results the following general rule of thumb may he formulated: 

mtr “chdrge rule” will be Illustrated below by some examples. 

Esters of boric acid arc most srahle nt low p” vherc dlcsoclatlon of both + and L hrrrdly 

“cc”r.9: 

EP + L 5.z IPL + 2 H20 

nlssoclatlon of boric acid favours fomatlon of borate esters of I.2-dlola. l.c. a rather hlqh 

pti (pli ) pK, (boric ecld)) In required: 

Ll- + ” L f R-h + 2 ” II*0 

With borate ester formation of a-hydroxycnrboxyllc acids and dlcarboxylfc acids p4 dependent 

optima are lnvolvcd. llw borate dfester of an a-hydroxycarboxyllc acid show6 msxlml ntahfllty 

111 pti - pK,(L) vhcre the acid and its anion arc present In cqunl amounts and tmrfr rcld 19 11 

its neutral form: 

8” + L + L- f R-L2 + 3 Hz0 

me horatc mO”OCRter, however, occurs prcfercntlally .,t pK,(L) < p” < pK,(B’) where the 

carboxyllc acid 1s lonlred and boric ecfd 1s newly ln its neutral form: 
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Bo + L- f B-L + H20 

A slnllar sltuatlon occurs tich dlcarboxyllc acids at pH - (PK., + pK,2)/?. Flnnlly. the PM 

dependent stablllry of borate ester6 of polyhydroxycarboxyllc acids can he understood by 

comblnlng the rules for dfols and a-hydroxycerboxyllc acids. Thus vhcn the pH reaches pK,fR”) 

borate esters of the a-hydroxycarboxyllc acid type convert lnro borate esters of the dfol type. 

Ulth the aid of this “charge rule” it is possible tc, predict the spcclcs prc6cnt In solurlon at 

a certain pH and one can avoid nlsintcrprcrarlons of the cxperlmcntsl results. erpeclally ln the 

case of polyhydroxy(poly)cnrboxyllc acids. 

EXPFRI?IE(EITAL 

All “B UUR spectra were recorded at roan temperature on (I Nlcolet NT-2ITO UC s,,cctromcter at 
bL.19 UHz wlrh a 0.1 M boric acid solurlon as external reference. ‘llw condftlons for the four 
experiments were equal. viz. the total boron concentration C. - 0.1 PI. the tofnl conccntratfon 
of the dlhydroxy compound CL - I.0 U (WC+ for 0x811~ acld”where C - 0.25 H) and the lonlc 
srrcnRth I - 3.0 (NaCl). The samples wcrc prepared by dlssolutlon ofLthe a~~roprlatc amounts of 

boric-acid and OrBaniC compounds in 020. The ;H was idJ”srcd wtth bO7 NsCX’in n20 (Merck) and 
measured with a calibrated UI LIZ nlcro-comhlnarlon pH probe from Mcroelcctrodes. Inc. ‘Ihe 
total volume of each sample was 5 ml. kxlc ncld. Rlycol and oullc acid were obtained from 
Baker and glycollc acid from %rck. Clycerfc acid was obtained by ion cxchanRe of calcfun 
B1yCeratc (Janssen Chlmlca) using Blorad AC 5OU-X8 ion cxchanBer followed by freeze drying. me 
amo”“t of crystal and absorbed ntcr vas determined by ‘H NW. 
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