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Infrared Spectroscopy of Aqueous Carboxylic Acids: Comparison between Different Acids
and Their Salts
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The attenuated total reflectietinfrared (ATR-IR) spectra in the 4808700 cn1! range of nine carboxylic

acids and their sodium salts in aqueous solutions are obtained and analyzed. Overall, 22 species are studied.
Six IR titrations are made with five different acids: acetic acid, malic acid, betaine, glycine, and
N,N-((butyloxy)propyl) amino diacetic acid (BOPA). From the spectra of these titrations, the spectra of four
types of water (acidic, basic, saline, and pure water) are subtracted, giving spectra with flat baselines without
any artificial adjustment. Factor analysis (FA) made on the water-subtracted spectra yield the spectra of the
principal species, and their abundances. Titration curves obtained from these precisely fit the theoretical curves
and the K, values in the literature. The remaining water bands that are not subtracted are assigned to water
solute close-bound situations. The hydration number varied from 5 to 1, with an average of almost 2 per
carboxyl carbonyl group. The IR CO band positiodsl 6 cnt?) are assigned to the different species: 1723

and 1257 cm? for the un-ionized acid double and single bonds; 1579'cfar CO,~ asymmetric stretch;

1406 cn! for CO,~ symmetric stretch; and 1094 cifor noncarboxylic ethoxy groups. The OH absorption
covers the full region, from 3700 to 1700 chin four bands that are 220 cm* wide. The near-3400 cm

band is assigned to solvated water, alcoholic OH, and NH groups, because these are hydrogen-bonded groups.
The 3000 and 2600 cm bands are assigned to the carboxyl OH groups that are hydrogen-bonded to other
carboxyl groups in the pure acrylic species or to water in the aqueous solutions cases. The 2168nch

is assigned to a combination band that involves the far-IR absorption. The absorption from 3700 to 1700
cm™1, which is sometimes called the “continuous absorption”, cannot be attributed to the hydronium ion
(Hs0™"), because the acids are not ionized; rather, it results from the strong hydrogen bonds between water

and the carboxylic acids.

1. Introduction species specttd—can be used to follow the evolution of an
aqueous system quantitatively, under various perturbations such

Organic acids constitute an important class of organic _ ¢ changes of concentration, pH, and temperdthrelo15.16

molecules that contains carboxylic acids, amino acids, and ; ; )
surfactants. These have vital roles in biological molecules and "€ assignment of the carboxylic acid bands of aqueous
many chemical processes. The hydroxyl (OH) and carbonyl °rganic acids is still a matter of confusion, b_ecause of the strong
(CO) groups that form the carboxyl groupsG=0O0H) of these water absorption and thg numerous species prgsent. Many, if
molecules have distinct infrared (IR) spectral signatures. In Notall, agueous carboxylic acids show low-intensity absorption
aqueous solutions, the IR spectra are dominated by the strond" the 3006-1800 cnr* range that many authors call a
absorptivity of water, with principal bands situated in the continuum of absorption®!”-2% Several authors who have
hydroxyl and carbonyl regions. This renders the task of studleq dn‘fergnt aqlds proposed an evaluation of t'h.IS continuum,
subtracting the solvent to obtain the solute spectrum difficult. €ach time using different spectral reference positions: £200,
Furthermore, these acids react with bases to form organic salts13007* 1800732419007° 19502° 2000;*#?and 2200 cm*.»2
whose functional groups, modified by the reaction, displace the  Groups led by Maiorov and Librovitch, who studied inorganic
characteristic bands. As the pH of the solution is increased from acids in water, reported that the continuum of absorption is
pH = 0, for example, the acid is progressively modified into proportional to “free” hydronium ions ($07).1°2°Hence, the
intermediate species. Water is not an inert solvent but reactscontinuum in acidic solutions has been attributed toQit

with the solute, causing the displacement of the water IR bands.H:+-OH,)™ groupings (aqueous hydronium) in which a strong
For all these reasons, IR spectroscopy has not been a populaguasi symmetrical hydrogen bond was obseA/e¢f However,
technique for the analysis of aqueous organic acids. However,a continuum of absorption was also observed in aqueous
this technique can be used fruitfully with the use of an attenuated solutions when the carboxylic groups are not ionize#:27In

total reflection (ATR) accessofy3 Moreover, principal factor  these solutions, the continuum of absorption cannot be related
analysis (FA}j-which is a numerical method that separates the to free hydronium ions.

The relationship between th&kpvalue and the continuum
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ref 26)), along with the degree of dissociation of the acids number of species present in the mixtures; (ii) the composition
evaluated from the spectra to establish the relationship. Theseof the species, as a function of pH; (iii) their molar spectra;
authors concluded that two different types of acids are observed(iv) their abundances; (v) their hydration numbers; and (vi) the
in relation with the intensity of the continuum, as a function of CO single and double bonds positions and molar absorptions.
pKa. The first type of acid has only one OH acid group and are We also want to evaluate the continuum of absorption in the
uncharged when undissociated. The second type of acid has2500 cnT? region, as a function of the ionic composition. For
either more than one OH acid group or the acid is charged this purpose, we (a) will obtain the IR spectra of the nine
i.e., the acid has strong hydrogen-bond acceptor grougfngs. aqueous carboxylic acids and their salts; (b) will make the IR
At the same [, values, the second type of acids yielded greater titration in the pH range of 614 of six acids; (c) illustrate the
intensities for the continuum than that of the first type. Leuchs IR titration procedure with glycine; (d) subtract the different
and Zundel assigned the continuum of absorption to hydrogenWater types (pure, acidic, basic and saline) from the solution
bonds with great polarizabiliti These authors suggested that SPectra; (€) use FA to obtain the principal factors (spectra and
a partial dissociation of the acid occurs when both ions are in @bundances); (f) obtain the residues from the difference between
close contact with water molecules, because of hydrogen the experimental and calculated spectra; (g) obtain the molar
bonding between the molecules. The aforementioned resultsSPectra of all the acids and their salts; (h) make the assignment
suggest that the observed continuum of absorption is due to©f the CO, CH, and OH bands; and (i) evaluate the continuum
strong interactions with water. However, some pure liquid acids of absorption of the different species and determine its origin.
(acetic acid) have exhibited very weak continuums that were
explained by the formation of acid dimers via two hydrogen
bonds in which both hydrogen-bonded protons tunnel simulta-  2.1. Factor Analysis.Factor analysis (FA) is performed in a
neously26:28 A continuum is observed in some other cases where two-step procedure. The fist step is the subtraction of the water
water is not present, such as in pure liquid phosphoric #cid. spectrum from that of the solutions, using four water principal

The study of malic acid, which is a carboxylic acid that is spectra: pure liquid water, acidic water (1.54 M HCI), alkaline
soluble in water in the pH range of-Q4, partly settled the water (2.23 M NaOH), and salt-solvated (5.13 M NaCl) water.
problem2” The precision of the evaluation of the continuum of Although these spectra are not those of orthogonal factors
absorption was increased in that study when compared totheY @l CO“}%‘& pure (i-e., unperturbed) wateA can still be
previous studies, using the complete 360800 cnT? range. performeg‘%’ =L _The subtractlon criteria are (i) no neg?tlve
Furthermore, a single experimental reference was used to obtairpandﬁ’ with Spec'?" care given to the region near 3660 cm
the evaluation of the continuum: the spectra of 1.54 M Hcl 2nd (i) the lowest intensity in the 2622580 and 18561800

. y ) ) .
and 2.23 M NaOH for all acidic and alkaline solutions, cm~! ranges. An absorption increase in these regions is due

respectively. Yielding genuine results, these studies showed thalp”.n(.:IIOaIIy to thg so-called continuum of absorption n t.’Oth
acidic and alkaline water. In these regions, the absorptivity of

we could analyze organic agueous acids solutions by AIRR oo . .
and FA. In that article, solid malic, aqueous malic solutions t.he.se SPECIES 15 small; thus, care is taken not to go below the
. ’ ' limits imposed by them.

glk?t? al\c/:lt)'hant?w:quaetglrjz meilt?t%s?huélpr?tz:r\?ftre;ntilzécﬁf'; m The FA second step is the analysis of the spectra that remain
u ing w pectrum, ! 1y INUUM 5 tter the water subtraction, to obtain the solute principal species.

pf absp rF’“O” IS as fqllows: aqueous malic acid ;howgd .strong These contain the total amount of solutes and water close-bound
intensity; agueous disodium malate showed no intensity; adue-t5 them. For the solutes involved in the titration, mixtures of

ous monosodium malate showed approximately half the acid ionic species are present in the middle pH range (pH.D):

intensity; and solid malic acid showed very weak intensity. oy ever, at pH>13, only the most anionic solute species are

Because malic acid (1.80 M) is not ionized in water, no “free” resent and, hence, are retrieved. Similarly, the spectra of the

hydron|um.|ons (HO™) are present to account fo'r the intensity  1,ost-cationic principal species are obtained at pHL. By

of the continuum. In the 37661800 cn* range, its spectrum  efinition, the principal spectra do not change in the pH range

is dominated by four broad peaks that are situated at 3500, 29304f 0—14: only their abundances, which are expressed as

2580, and 1995 cnt that were assigned, respectively, to malic- - muyltiplying factors (MFs), vary progressively. Hence, the other

acid-solvated water and alcoholic OH; hydrogen-bonded car- principal species spectra are obtained by systematically subtract-

boxylic OH; hydrogen-bonded water OH; and a water combi- jng the extreme principal species spectra from those obtained

nation band. Because the intensity of the continuum (in the at the other pH, doing so progressively from the extreme pH

3000-1800 cnt? region) is much stronger in aqueous solutions tgward the middle pH values. Each principal spectr@) S

than in pure malic acid, water has a role in the absorptivity multiplied by its MFs (MFF) and added to the others. The

through hydrogen bonding between solute and solvated Water-resulting spectrum is subtracted from the experimental one
In the present paper, we want to extend the study made on(s'exp) and the MFs are varied until the residuegA)( are

malic acid to eight other carboxylic acids. Together with their minimized:

sodium salts, these acids form 22 carboxyl containing species.

A few of the previously studied organic acids are on the list, i _d  _ j '

but their spectra were reworked, using the more-rigorous data %= S JZMF' xS @

treatment methods that have been developed since their publica-

tion. This great number of species was studied to obtain reliable\,\,heregP and MF% are the principal spectrum and MF of

average values of the CO groups in aqueous solutions that carnspecieg retrieved in samplé The best fit is monitored by the

be used for their identification and to compare the species |gast-squares procedure.

continuum intensities, to identify their origins. The presence of supplementary species is revealed when the
The objective of this study is to analyze the complete MIR residues show some sigmoid that cannot be minimized satis-

spectra of nine aqueous carboxylic acids and their salts. Fromfactorily.2° These species are introduced into the FA procedure

these spectra, we want to determine the following: (i) the one at a time by taking the spectrum with the highest residues.

2. Theoretical Considerations
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FA is restarted with the new set of principal spectra. The

iteration procedure is pursued until the residues show only noise.

The concentrations of the species are obtained by multiplying
the MFs by the principal spectra concentrations.

2.2. Volumetric Titration Curves. For aqueous glycine,
BOPA, sulfuric acid, and phosphoric acid, we have developed
the titration equations based on the dissociation equilibrium,
the species conservation, and the electroneutrality equétib#s.
BOPA is a glycinate that contains two carboxylic groups whose
dissociation equilibrium equations are

R—NH"(CH,COOH), ==
HAH,

KZ
R—NH"(CH,COOH,CHCO0 ) =

Hf +H"AH™
K
R—NH"(CH,C00"), == R—N—(CH,CO0), (2)
H"+H'A® Hf + A%

with the following dissociation constants:

AL
« —[H'AHJH"]

o [HTAH,] )
_[HATIHT]
K2 = [HTAH] @
_[A*]HT]
3 [H +A2_] (5)

The titration equations for aqueous BOPA starting from any
ionic state are given in ref 15. For aqueous glycine, which is
an amino acid that contains one carboxylic groupgNHCH,—
CO,H], the ionic form A~ is not present and calculations in
eq 2 are conducted witk; = 0. Aqueous betaine forms cationic
and zwitterionic species [(CG—NT—CH,—COO]; therefore,

K, = Kz = 0 are used in eq 2. Aqueous acetic acid fCH,—
CO;H] and malic [HQCCH(OH)CH—CO,H] acid do not have
amino groups and cationic forms. For these, eq 2 §ses .
Aqueous acetic acid is only ionized once, so tiat= 0. The
ionic concentrations ate

N _ A
[HTAH,] = K, KK, KKK ©)
1+——+ S
H'] [H7? [HT®
e A
) AH]_M+1+ Ko +K2K3 v
Ky HT [HT?
a2 A
A= HT, ,, K ©
KiKy Ky [HY]
- A
ATT=—— . ©)
H°  HT° M
K1K2K3 K2K3 KS

where A represents the total solute concentration. In the
calculations, the lower and higher limits fiy are set at 10?°
and 102, respectively. At values of zero (0) and infinitg),

Max and Chapados

of ref 15 gives the relation between pH and the titrant mass
from which the volumetric titration curves are obtained:

my =V x
e 1+ KK, KKK; M
o 400 N0 SN DR
po(M2 + (IAMM) K, KK, KKK, Acs (R [H']
U mT =T
< (—1 +KK, KKK, >
€ _ €2 \ HT 7 -
a( Ma) +a Po)( Mt oMy K KK KKK Aay
2 14— - -
] [HT  [HT
\_ /
(10

where the different symbols are defined in the List of Symbols.

3. Experimental and Data Treatment

3.1. Chemicals and SolutionsTable 1 provides a list of the
nine carboxylic acids used in the present study. The following
chemicals were used without further purification: glacial acetic
acid (Baxter, No. C9800-70, ACS reagent grade, 99.7%,
molecular weight (MW) of 60.05), betaine hydrochloride
(Calbiochem Corporation, No. 200495, 97% purity, M¥/
153.6), glycine (Sigma Chemical Company, No. G-71289%
purity, ammonia-free, MW= 75.07), D-L malic acid (Aldrich
Chemical Company, No. M121-0799% purity, MW =
134.09), glycolic acid (Aldrich Chemical Company, No.
42,058-1, MW= 76.05, 70 wt % solution in water), chloroacetic
acid (Aldrich Chemical Company, No. 40,292-3, ACS reagent
grade,>99% purity, MW= 94.50), chloroacetic acid, sodium
salt (Aldrich Chemical Company, No. 29,177-3, 98% purity,
MW = 116.48), citric acid (Aldrich Chemical Company, No.
25,127-5, ACS reagent grade99.5% purity, MW= 192.12),
and acrylic acid (Aldrich Chemical Company, No. 14,723-0,
99% purity, MW= 72.06). The synthesis &,N-((butyloxy)-
propyl)amino diacetic acid (BOPA) was conducted in our
laboratory®

Deionized water was used to prepare the aqueous solutions.
Aqueous NaOH, (50.8% w/w) and concentrated HCI (37.0%
w/w, density of 1.19 g/mL, Fisher Scientific) were used for the
titration. These concentrations were used to maintain the high
carboxylic acid concentrations in the sample. Neutral water, 1.54
M HCI, 2.23 M NaOH, and 5.13 M NaCl were used to obtain
the reference spectra (or principal spectra) of neutral, acidic,
basic, and salt-solvated water.

Stock solutions of acetic acid (5.01 M), malic acid (1.85 M),
betaine hydrochloride (1.63 M), glycine (1.33 and 2.66 M), and
BOPA monosodium salt (0.95 M) were made. The samples were
made by weighing the titrant in a 10-mL volumetric flask, with
the volume being up to 10 mL stock solution and weighed.
Solutions in the pH range of-014 were prepared: 16, 24, 20,
26, 48, and 27 samples for acetic acid, malic acid, betaine
hydrochloride, 1.33 M glycine, 2.66 M glycine, and BOPA,
respectively. The homogeneous solutions obtained were divided
into two parts: one for the IR measurements and the other for
the pH measurements.

The following compounds were prepared: 3.17 M chloro-
acetic acid, 2.58 M chloroacetic acid sodium salt, 3.94 M
glycolic acid, 3.06 M glycolic acid sodium salt, 1.39 M citric
acid (tri)sodium salt, and 2.12 M sodium acrylate. The sodium

these constants yield undefined numerical results. Equation 28chloroacetate solution was measured immediately after it was
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TABLE 1: List of Organic Acids

molecular weight,

name symbol MW (g/mol)

Monocarboxylic Acids

acetic acid HC-COH 60.052

glycolic acid HOCH,:COH 76.052

chloroacetic acid CICKHCOMH 94.498

acrylic acid HC=CH-COH 72.063
Dicarboxylic Acids

D—L malic acid HQC-CH,-CH(OH)-COH 134.088
Tricarboxylic Acid

citric acid HQC-CH,*C(OH)-(CO,H)-CH,-COH 192.125
Amino Acids

glycine HN-CH,COH 75.067

N,N-((butyloxy) propyl) H3C+(CHy)3: O+ (CHy)3*N+(CHzCOH), 247.291

amino diacetic acid (BOPA)

Surfactants

BOPA HsC+(CH,)3*O+(CH,)3:N+(CH2*COH), 247.291

betaine (HC)s*N*-CH,COO 117.147

prepared, to avoid its natural decomposition to glycolic acid ® ] B

and sodium chloridé®
3.2. pH Measurements.The pH was measured at ambient

2
temperature (24 2 °C) with a pH meter (Omega model PHH- 1l M jw
253) that was equipped with a combination electrode (Analytical 14 :
Sensors, Inc., model PH10107B-03-B). A two-point calibration j_c_,-\,,\,\_,fm%’ 1.@ab t—— ;Jb“\u
was made, at pH 2.00 and 7.00 or pH 7.00 and 10.00, prior to 1 1
any measurements. 2~ A w
3.3. IR Measurements.The IR measurements were obtained
with a model 510P Nicolet Fourier transform infrared (FT-IR)
single-beam spectrometer that was equipped with a DTGS
detector. Two KBr windows isolated the measurement chamber
from the outside. The spectra were obtained under a nitrogen
flow, to ensure low residual COand HO vapors in the
spectrometer. The samples were contained in a Circle cell
(SpectraTech) with a ZnSe crystal rod (8 cm long) in an ATR
configuration. The incident beam was oriented at an angle of
45° to the rod axis that made 6.6 reflections in contact with the -
sample. The spectral range was 48660 cn1. Twenty scans 1 ®)
with a resolution of 4 cm! were accumulated for each spectrum.

] )
1 1 bb
All spectra were obtained at 26& 0.3 °C. The cell was ] 1
carefully dried before each measurement. { b AM ] zb
M

The IR measurements consisted of obtaining the following 1 :M ]
ATR intensities: background?) and sampleR). The ratio of 1 1

Molar ATR absorbance
- N .
N

R/Ro produced an intensitlyfor the spectra. Thereafter, the 2153 la o~ b ] M

data points I( () vs # (in cm™)) of each spectrum were orr——

transferred to a spreadsheet program on a personal computer 4700 2700 700 4700 2700 700
(PC), where the numerical treatment to obtain the ATR v/em™ v /em™

absorbances (log()/ expressed in absorbance units (abbreviated Figure 1. Factor analysis (FA) principal species spectra of carboxylic
as au)) was conducted. The other mathematical operations werécids (using molar attenuated total relectionfrared (ATR-IR)
made in the spreadsheet. A small baseline correctidh@05 spectroscopy): (A) acetic acid (spectrum a, 5.01 M; spectrum b, sodium

. . salt; and spectrum c, aceto-acetate complex), (B) malic acid (spectrum
au) was made to obtain a null mean absorbance in the-4600 aa, 1.80 M; spectrum ab, monosodium; and spectrum bb, disadium

4450 cnr! region, where water absorbs very litffe. salts), (C) betaine (1.65 M) (spectrum a, hydrochloride; and spectrum
] ) z, zwitterion), (D) glycine (1.33 M) (spectrum a, hydrochloride;
4. Results and Discussion spectrum z, zwitterion; and spectrum b, sodium salt), (E) glycine (2.66

. M) (spectrum a, hydrochloride; spectrum z, zwitterion; and spectrum
4.1. Water Spectrum Subtractions.The water spectrum " sodium salt), (F) BOPA (0.95 M) (spectrum aa, hydrochloride;

subtraction is a critical point in these spectral data treatments. spectrum az, zwitterion; spectrum zb, monosodium salt; and spectrum
Details on the procedure have been reported elsevifiere. bb, disodium salt). Note that the spectra are shifted.

Increasing the water spectrum subtraction from the acidic

solutions spectra produces a low-intensity absorption near 3200

cm~! before a negative band appears near 3660 ¢uriterion spectra show residual water absorption that we attribute to water
(i), Section 2.1). This gives an absolute maximum water that is close-bound to the solutes. These are observed on the
subtraction. The amount of water subtraction from the alkaline retrieved principal factor spectra in Figure 1.

solutions is made such that no negative band appears near 3660 4.2. IR Titration of Glycine. We use glycine to illustrate
cmt (criterion (i), Section 2.1). After water subtraction, most the IR titration of all carboxylic acids presented here. The
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Figure 2. Relative distribution as a function of pH of the carboxylic
acid principal species presented in Figure 1. Full lines represent
theoretical calculations, and symbols represent the experimental results
(see text).

Equivalent titrant

procedure details are given in the Supporting Information and
in ref 27 for malic acid.

4.2.1. Aqueous Glycine Factor Analysis. The three principal
spectra retrieved by FA are presented in Figure 1D: glycine
hydrochloride (B); zwitterion (D), and sodium salt (E). The
residues obtained (in the Supporting Information) exhibit only
noise that is similar to that of malic actdwhich indicates that
the FA procedure operated adequately.

The relative distributions of the solute species are presented
in Figure 2D, as a function of pH, which is the usual way of
presenting titration results. Here, the experimental results
(symbols) are situated exactly on the calculated curves (full
lines). The glycine K, values obtained are located at pH 2.45
and 10.00; these are close to the literature values, which are
2.35 and 9.78, respectivety The small differences come from
the difference in the activity coefficient of the solutions. Figure
3D shows the normalized distribution of the solute species, as
a function of equivalent titrant, along with that of the acidic
and basic water, expressed as molar HCl and NaOH equiva-
lents33 These curves, which show linear relationships, are a true
advantage over the traditional relationships that give the relations
as a function of pH. These are nonlinear (see Figure 2D).

The results obtained for the 48 solutions of 2.66 M glycine
are presented in the same fashion as that of the 1.33 M
solutions: principal spectra are shown in Figure 1E, and t':higl"e g nglati\_/g di§tfi_bUt|i0“ asa functio? gf_ tit|£<f=mt 9q1Ui\x|etnt I}Cl’f
distributions are shown in Figures 2E and 3E). TKg palues € carboxylic acld principal Species presented in Figure 1. Vvater types
retrieved are 2.35 and 10.00,gwhich are simila)r to thtf?)receding 'e;re added: @), 2.23 M NaOH; @), 1.54 M HCI; and @) 5.1 M NaCl.

. .. ure water is not shown.
pKa values. The small differences come from the activity
coefficient. The results obtained from this series are of better
quality than those previously reportédyecause the spectra calculated lines, whereas, previously (Figure 3A of ref 6), a
extend to the full mid-IR region without any arbitrary baseline few points were outside; this observation indicates that the
correction. In Figure 3E, all the experimental points fall on the present study gave better results.

Normalized species distribution

Equivalent titrant
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TABLE 2: Characteristics of Acidic and Alkaline Water Titrants in Organic Acid Titrations

titrant Acetic Acid Malic Acid Betaine Glycine 1.33 M Glycine 2.66 M BOPA
equivalent slop®  origin slopé origin slopé origin slopé origin slopé origin slopé origin
X<=2 —0.949 -1.150
—2>X>-1 —0.954 -0.733 -0.947 -0.719 nonlinear
—1>X>0 —1.077 0.072 —-0.993 0.197 —1.026 0.320 -0.167 0.064 -0.211 0.048 —-0.324 —0.052
0>X>1 —0.069 0.092 -0.093 0.215 -0.304 0.304 —0.053 0.054 -0.055 0.062 0 0
0.109 -—0.007 0.150 —0.006

1>X>2 0.991 -0.997 —0.093 0.215 1.008 —1.008 0.993 —-0.901 0.947 -0.815 0.957 —0.902
X>2 0.981 —1.966

@ Negative slopes are for acidic water (increasing with HCI added, that is, with decreasing titrant equivalent) and positive slopes are for alkaline
water.

TABLE 3: p K, Concentration, and Zero-Titrant pH Values of Four Organic Acids

pKa values concentration pH without
species these results literature vafues (mol/L) added titrant

acetic acid 4.85 4.75 5.01 2.10
malic acid 3.20 4.60 3.40 5.11 1.80 1.35
betaine 1.65 1.83 1.65 0.60
glycine 2.45 10.00 2.35 9.78 1.33 6.27
glycine 2.35 10.00 2.35 9.78 2.66 6.10
BOPA 1.50 3.05 9.60 0.95 7.99

aFrom ref 32.

4.2.2. Abundance of Water Species in Agueous Glycine. subtraction, the stock solution contains 0.G565.005 mol/L
Because of the logarithmic relationship between pH and the equivalent HCI for each mol/L glycine (see Figure 3D); that is,
related concentration, it is difficult to assess the direct relation 0.055x 1.33= 0.073 mol/L of acidic water (equivalent HCI).
between the water species abundance and the titrant equivalent3ecause no HCI was added (O titrant equivalent) and almost
After the MFs are transformed into molar equivalents, the linear no H* is present in the solution (pH 6.27), the acidic water
relationships are obtained. These, for acidic and alkaline water,retrieved by IR spectroscopy must be attributed to water in
are given in Figure 3D (legend is the same as that in Figure strong interaction with the glycine zwitterion. Excess acidic
2D) and their linear curve characteristics are presented in Tablewater has long been estimated by the so-called “continuum of
2. The pure water concentration is not represented in the figure.absorption’~2We also reported similar resullts for IR titrations
Below a titrant equivalent of-1 (HCI added is negative), the  Of phosphoric and malic acidg’ This acidic water cannot be
curve of acidic water concentration (Figure 3D) is linear, with attributed to free protons (Hor H;O") and must be attributed
a slope 0f-0.95, (+ 0.05). Similarly, above a titrant equivalent  t0 the solvated solute species. Hence, the aqueous glycine
of +1 (NaOH added is positive), the curve of alkaline water ZWitterion spectrum (Figure Lpmust be corrected for its acidic
concentration is linear, with a slope of 0598t 0.05). Both water, as well as for malic aciti(see Appendix A). Spectra d
curves are straight lines with slopes of 1, which indicates that in Figure 6 shows the result. . _
the water subtraction procedure in these titrant equivalent regions When 1 equivalent HCI«1 titrant equivalent) is added to
accurately follows the addition of HCI (decreasing titrant the glycme zwitterion solution, it is com_pletfely transformed to
equivalent below-1) or NaOH (increasing titrant equivalent ~ 9lycine hydrochloride (see spectrum a in Figure 1D (spectrum
above +1)3334 However, both acidic and alkaline water lDa)). The solution was observe_d to cqntaln 0.2_25 mol/L
equivalent values obtained by IR differed from that calculated €duivalent HCI for each mol/L glycine. Again, this acidic water
from the solute degree of ionization and pH values. This must be attnbute(_j to water that is strongly interacting Wlth
indicates that water molecules interacting strongly with the glycme hydrochlor_|de. Therefore, sp_ectruma]rDust be_ modi-
solute are perturbed in a manner similar to that with aqueousf'e‘j (see Appgndlx A). The.res.ultlng spectrum (Flgyre 4d)
HCI (or NaOH)?” Therefore, the solute principal spectra need represents glycine hydrochloride in strong interaction with some

to be corrected to address these differences. water molecules.

. . . Similarly, when 1 equivalent NaOH (equal to 1 titrant
4.2.3. Correction for Acidic and Basic Waters. The water y 9 (eq

b . hat invol di Kkali i equivalent) is added to glycine zwitterion solution, it is
subtraction that involves acidic, alkaline, or saline water ,metely transformed to sodium glycinate (see Figure 3D).

represents the exact amount of these species, because thesg,e sojytion was observed to contain 0.132 mol/L equivalent
solvated waters are proportional to the amount of the related NaOH for each mol/L glycine (see Figure 3D). This alkaline

solute (HCI, NaOH, or NaCl) dissolved in the aqueous soltftion. \yater is attributed to water that is strongly interacting with
Therefore, when attempting to determine the principal spectra gggium glycinate (pH< 12) and must be added to the spectrum.

of the solute species, one must compare the amount of acidic,rigyre 5d shows the result after correcting the spectrum b of
alkaline, and saline water retrieved by IR to that actually present rigure 1D (spectrum 1§) (see Appendix A).

in the solution. Any excess amounts are due to the solute and  The same situation prevails for 2.66 M glycine and is

its spectrum must be corrected accordingiyWe use glycine  corrected accordingly. The spectra (Figure 1E) corrected for

to illustrate the procedure. associated acidic and alkaline water are shown in spectra e in
The pH of the 1.33 M glycine stock solution was 6.27 (Table Figures 4-6.

3). Because this solution is almost pure zwitterion (see Figure  4.2.4. Hydration Numbers in Agueous Glycine. With quan-

2D), it does contain only a small amount of “free” protons'(H titative subtraction of the water IR spectra, the hydration

or H;O"): [H™] < 107% mol/L. According to FA of water numbers of glycine ionic species were obtained by the method
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Figure 4. Molar ATR—IR spectra of protonated carboxylic acids pigyre 5. Molar ATR—IR spectra of dissociated carboxylates
(RCOOH): spectrum a, acetic acid; spectrum b, malic acid; spectrum (Rco0--Na*) but no zwitterions: spectrum a, sodium acetate; spectrum
¢, betaineHCl; spectrum d, 1.33 M glycinéiCl; spectrum e, 2.66 M, jisodium malate; spectrum d, 1.33 M sodium glycinate; spectrum e,
glycineHCI; spectrum f, BOPAHCI; spectrum g, citric acid; spectrum 5 g6\ sodium glycinate; spectrum f, disodium BOPA; spectrum g,
h, acrylic acid; spectrum i, monochloacetic acid, and spectrum j, glycolic isodium citrate; spectrum h, sodium acrylate; spectrum i, sodium
acid. Panel A shows the complete region, and panel B shows the ,onochioacetate; and spectrum j, sodium glycolate. Panel A shows
expanded regllon. Spectra are shifted. Vertical lines at 1723, 1643, 1257 44 complete region, and panel B shows the expanded region. Vertical
and 1094 cr’. lines at 1643, 1579, 1406, and 1094 ¢m

summarized in Appendix B’ For 1.33 M glycine, the hydration
numbers were 5t 2, 2 + 1, and 3.0+ 0.5 for glycine
hydrochloride, glycine zwitterion, and sodium glycinate, re-
spectively. For 2.66 M glycine, the hydration number was 2
1 for the three ionic species. Within the error limits, the two
sets of values are the same.

4.3. IR Titration of Acetic Acid, Malic Acid, Betaine and
BOPA. 4.3.1. IR Titration. The IR titrations of acetic acid, malic

the IR spectra agree with the literature valé&she number of
solute species and the abundance and complete spectra of each
species have been obtained. In all cases, the species abundances
obtained from the IR spectra agree with the thermodynamic
calculations (see Figure 2). This indicates that the IR titration
that is performed is quantitative and reliable.

4.4. Aceto-acetate ComplexThe FA results deviate from
those of the thermodynamic calculations obtained from eq 1

acid, betaine, and BOPA are made in the same manner as thaonly when acetic acid and its sodium salt are u$edhis
for glycine. FA on these series of spectra gave the spectraindicated that another species is present in the solution. After
presented in Figure 1. The residues (in the Supporting Informa- adding it in the procedure, it was identified, by its spectrum, as
tion) are similar to those reported for malic aéidecause these  an aceto-acetate complex. This complex has been observed
are at the zero level, it indicates that the FA procedure worked previously in buffer solutions made of sodium acetate and acetic
adequately. The high noise level in certain spectral regions is acid® Our results indicate that such a complex also exists in
due to the strong water absorption. The titration curves, as acetic acid aqueous solutions and the surrounding water does
functions of pH and equivalent titrants, are presented in Figuresnot destroy it.
2 and 3, respectively (see Supporting Information for details). FA was applied to a series of 16 spectra that were obtained
Although FA results on malic acid have been reported else- from the IR titration of 5.01 M acetic acid. The results are shown
where?’ they are included here for comparison with the other in Figures 1A, 2A, and 3A: spectrumyAepresents the acid,
acids. After correction for the acidic and basic waters, the spectraspectrum A represents aqueous sodium acetate, and spectrum
of the acids, salts, and special cases are presented in Figures 4. represents the 1:1 aceto-acetate complex. TKgvalue
5, and 6, respectively (see details in Supporting Information). retrieved by IR spectroscopy is 4.85 (see Table 3). This value

4.3.2. Hydration Numbers and&pValues. With quantitative  is similar to the literature value of 4.7 The small difference
subtraction of the water IR spectra, the hydration numbers of is attributed to the activity coefficient, which is strongly
acid ionic species retrieved by FA were obtained using the dependent on the solute concentration.
method described in Appendix 8.The values are reported in The complex formation constant from the equilibrium reac-
Table 4, along with the o, values. tion

All six IR titrations of five carboxylic acids are made with
principal FA over the entire MIR spectral range: 480M0
cm L. The pK, values of the acids (see Table 3) obtained from

CHyCOOH + CH,CO0 5=—= CH,COOHCH,COO"
complex
(11)
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TABLE 4: Hydration Number, Acidic and Alkaline Water Equivalents, and p K, Value of Organic Acids

Hydration Number Equivalent (mol/L)

acids/salts ionic species total per COO acidic water alkaline water K, p
BOPA
2Faa H3C(CH;)sO(CH,)3—NHT(CHp*COH),, -ClI- 3 £1 1.5+ 05 0.765 0 1.50
2F,, R—NH*(COOH, COO) 2+1 1.0+ 05 0.137 0 3.05
2F; R—NH*(COO"),, Na* 20+05 1.0+05 0 0 9.60
2R R—N(COO"),, Na* 3.0+£05 15+05 0 0
betaine
2C, (H3C)3*N*+CH,COxH-Cl 25415 25+15 0.256 0 1.65
2C, (HsC)s*N*+-CH,COO™ 1.0+05 1.0+05 0 0
glycine
2D, Ea NH3*CH,COOHCI 5+2 5+2 0.228 0 2.35
2D, E, NH3"CH,COO™ 2+1 2+1 0.055 0 10.00
2Dy, By NH,CH,COO, Na" 3.0+£05 3.0+05 0 0.132
acetic acid
2A, CH;COOH 2+1 2+1 0.082 0 4.85
sodium acetate
2A, CHsCOO, Na* 1.0+0.1 10+0.1 0 0
aceto-acetic complex (pH 4.8)
2A; CH3;COOH:CHCOO™, Na* 1.0+05 1.0+05 0.144 0
malic acid
2Baa HO—(CHCOOH,CHCOOH) 2.0+1.0 1.0+05 0.206 0 3.20
2Bap HO—(CHCOOH, CHCOO"), Na* 3.0+£20 15+10 0.125 0 4.60
2Bup HO—(CHCOO ,CH,COO"), 2Na" 40+ 05 2.0+0.2 0 0
acrylic acid CH=CHCOOH pure 4.2%
acrylate CH=CHCOO", Na" 24+0.5 2.0+ 05 0 0
trisodium citrate HG-C(COO ,(CH,COO"),), 3Na" 3+0.5 1.5+ 0.2% 0 0 6.392
monochloroacetic acid (MCA) €EGIH,C—COOH 2+1 2+1 0.24 0 2.8%
Na-MCA CI-H,C—-COO, Na" 1+1 1+1 0 0
glycolic acid HO-H,C—COOH 1+1 1+1 0.12 0 3.8%
sodium glycolate HG-H,C—COO, Na* 1.0+05 1.0+05 0 0
average 1.7

a Number refers to figure, and letter refers to spectrum; subscripts a, b, and z respectively refer to the acidic carboxyhi€@@H), the salt

form (—COQO"), and the zwitterionic form (NCOO").
is
_ [AH-AT]

complex [AH][A _] (12)

The resolution of simultaneous equilibrium reactions 2 and 11
gives the following:

[CH,COOH] =
_ K2 K2 2 K2Kcomplex
(1+[H*])+\/(1+[H+]) +8A( [H] )
KK (13)
4 2" complex|
( [H] )
& (14)

[CH,COO ] = [CH,COOH] x [H*]

[CH,COOHCH,COO | = Kcomplex[CH?,COOH] X
[CH,COO] (15)

whereK; is the dissociation constant of acetic acid.

Equations 1315 are used to evaluate the relative concentra-
tion of the species in the titration usit@omplexas a parameter

have been obtained for a system with an equal probability for
species AH and A (separated or complexed). Therefore, the
aceto-acetate complex is neither a favored nor a disadvantaged
species.

The maximum intensity of the complex is observed at the
pKa value of the acid and salt. We did observe similar results
in the titration of PO, by NaOH where three complexes were
observed at the threekg values of the speciésThe complex
formations in acig-base titrations seem to be more frequent
than those presented in textbooks. To obtain a complete picture
of the species present in such titrations, the complexes must be
included. This study indicates that IR spectroscopy is surely
one of the best methods that can be used to observe them
quantitatively.

4.5. Other Carboxylic Acids. To help in the spectral
comparison, the ATRIR spectra of several other carboxylic
acids and some of their salts were obtained (see Table 1). These
are pure acrylic acid and aqueous solutions of chloroacetic acid
and its sodium salt, glycolic acid and its sodium salt, citric acid
and its trisodium salt, and sodium acrylate.

After water subtractions, the real spectra of solvated solutes
were obtained (see Figures 4 and 5). The amounts of equivalent
acidic or alkaline water present in these species were evaluated
with the spectra of 1.54 M HCl and 2.23 M NaOH. The amounts
obtained are listed in Table 4. Acidic water was retrieved in

that is adjusted to provide the best fit between the FA results both aqueous chloroacetic and glycolic acids. No acidic water
and the theoretical calculations. These are shown in Figure 2Awas retrieved in pure liquid acrylic acid. The spectra of acrylic
(solid lines denote theory, whereas symbols denote the FA (pure), chloroacetic acid, and glycolic acid are shown in Figure

result). The experimental results fall on the calculated curves,

4, in traces h, i, and j, respectively. Those of sodium acrylate,

which indicates that the description of this system is adequate. sodium citrate, sodium chloroacetate, and sodium glycolate are

The resulting complex formation constant obtaine®dsmplex
= 1.8+ 0.4 L/mol. This value is close to unity, which would

shown in Figure 5, in traces h, g, i, and j, respectively. No acidic
and alkaline waters were subtracted from these spectra.
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® group, respectively (see Figure 5B and Table 5). Sodium acrylate
has these bands situated at 1541 and 1427 craspectively.
The difference between these and the average values is due to
J\J\\JL/ the presence of a double bond=£C), which increases the
e S f/’WTA resonance between=@ and C-O groups. This weakens the
e A 1a{COQO") and strengthens the(COO") bands.

For the zwitterionic molecules (betaine, glycine, and BOPA),
the asymmetric o, COO™)) and symmetric %(COQ")) car-
bonyl bonds are situated at 16347 cnm ! and 1402+ 6 cni' 2,
with approximate intensities of 0.47 and 0.40 molar au per
vibrating group, respectively (see Figure 6B and Table 5). These
values differ only slightly from the salt positions; therefore, they
indicate that the behavior of the carbonyl groups is similar for
these two ionic situations. However, thg{COO") frequency

®
2: j/“\f/\w\d//q is >30 cnT? higher than the mean value, which indicates that
J a perturbation is acting on these molecules. This perturbation
o\ N /ﬂ! p g p
N
M

Molar ATR Absorbance

may originate from the presence of the N atom on these
molecules or may be due to the net local charge on the ionized
O atom that is not partly equilibrated by the surrounding cations.
The situation is different for the aceto-acetate complex and
monosodium malate (see Figure&®d B)), which is a situation

b AN mﬁwﬂ that combines the acid and salt values.

For all the species studied, the ethoxy gro—0—) in a
1900 1700 1500 1300 1100 900 700 n_oncarboxyllc group (eOC_ethoxy or C-OH a_lcohol_) is
V /em™ situated at 1094t 9 cm'%, with an approximate intensity of
Figure 6. Molar ATR—IR spectra of zwitterionic carboxylic acids ~ 0.30 molar au per vibrating group.
(N*COO") and special cases: spectrum c, betaine; spectrum d, 1.33  The v.{COO") frequencies that have been obtained in the

M glycine; spectrum e, 2.66 M glycine; spectrum f, BOPA (one free present study are plotted in Figure 7B against tig yalue,

carboxylic acid group); spectrum, BOPA (no free carboxylic acid - . . . .
group); spectrum a, sodium aceto-acetate complex; spectrum b'along with the linear relation obtained by Cabaniss and

monosodium malate. Panel A shows the complete region, and panel BMCVeY: vadCOO") (in cm™) = 1660 — 24.89 x pKa*"2 At
shows the expanded region. Vertical lines at 1723, 1643, 1579, 1406,PKa < 5, our results follow the linear relationship. Fakp>

1257, and 1094 cr. 5, va{COO") remains almost unchanged near 136Q5 cnt ™.

This is because K, values above 5 are related to the charge
lost on the N atom and not to the ionization of the carbonyl
group that is already ionized. The{COQO") frequency in a
carboxylic group is strongly perturbedf is greater thant-40
cm1) when in a zwitterionic molecule (betaine, glycine, and
BOPA). Furthermore, the perturbation remains strong when two
ionized carboxylic groups are present. These molecules have

S
:
(
,%

4.6. Spectral FeaturesThe corrected molar spectra of the
protonated, dissociated, and zwitterion carboxylic acids are
presented in figures 4, 5, and 6, respectively. Those of the
sodium aceto-acetic complex and monosodium malate are
presented in Figure 6. The top curves give the full spectra from
4800 cnT!to 700 cntl, to have a bird's-eye view of the species
spectra, to evaluate the continuum of absorption. The bottom ™ . ) ;
curves give the spectra in the 266000 cnt? region, to nitrogen with a positive charge; therefore, the perturbation of

distinguish the details of the carbonyl region. this mode may originate from this situation.

4.6.1. The Carbonyl Band: Position and Intensity. The  4.6.2. The CH Stretch Bands. The aliphatic CH stretch bands
carboxylic and carboxylate CO band positions and intensities are situated in the 3162800 cnt! region3® Because of the
are given in Table 5. The assignments of most of the bands arestrong and large (37661700 cnt?) OH stretch bands and weak
made with the use of glycine and malic aéi#l. This table give CH band intensities, these are difficult to observe. Nevertheless,

also the mean carbonyl band positions of 22 monocarboxylic in frame A of Figures 46, we observe sharp weak bands in
and dicarboxylic acids, and their sodium salts. the CH region of some spectra that we assign to the asymmetric,
For the acid species, the average carbonyl double bondsymmetric CH and CH, and CH stretch absorption. Their
(ve=0) position is 1723+ 12 cnT?, with an approximate positions are given in Table 6. Malic acid (see Figurg)yand
intensity of 0.25 molar au per vibrating group; the average single sodium malate (see Figures §and 6A,) do not show these
carboxyl bond ¢c—o) position is located at 125% 20 cnt?, bands, but the second-derivative techniques bring them’out.
with an approximate ATR intensity of 0.20 molar au per The same technique is used to determine the band positions of
vibrating group (see Figure 4B and Table 5). These values arethe other species. In Table 6, some of the bands are outside the
comparable to those of Cabaniss et’alhe high position of normal regions of the aliphatic stretch bands. This is due to the
the vc—o bands indicates that, for all these species, this group Perturbing nature of the adjoining groups. A complete evaluation
is not ionized: R-C(=0)—OH. This notwithstanding, the acetic  of these is outside the scope of this study.
and acrylic acid carbonyl bands are situated at 1706 and 1703 4.6.3. The OH Stretch Bands. The OH stretch bands of the
cm™1, respectively. Compared to the average position of 1723 carboxylic acids and their salts cover the region from 3700cm
cm1, these low positions are attributed to the formation of to 1700 cn® with large bands. Even at the lower-limit region,
dimers through hydrogen bonds that weaken the carbonyl bond.the absorption is not zero but it is weak. This indicates that the
The average position of the asymmetrigCOO)) and OH stretch absorption goes below 1700¢n0n top of these
symmetric ¢(COQO")) carbonyl bonds of the acid sodium salts bands are weak absorptions that we identified in the 2900 cm
are situated at 1579 26 cnt! and 1406+ 12 cnt?, with region as the CH stretch bands (see previous discussion) and
approximate intensities of 0.55 and 0.39 molar au per vibrating below 2800 cm? as combination bands. These bands are narrow



TABLE 5: CO Band Positions and Intensities of the Organic Acids in the 1808-800 cnt! Regiort

HBDY shoanby Jo Y|

st def st def  def st def st def  def st st def st
—-C=00H H,0 -C=00" -NH; CH; -CO, CH.r C-O CNHsr C-OH CN CH:;tw CC,CN,CO
asym sc sc symm OHb CH, w CC ccoo
w
species formula v 1 v I v 1 v v v I v v 1 v v v ) v v v v v v
BOPAH* H;C(CH,)3-0-(CHz)s NH'(CH»CO,H),, CI” 1734 046 1634 0.29 1259 0.48 1096 0.46
BOPA* R-NH*(COOH, CO0") 1733 0.17 1650 0.04 1622 044 1397 0.39 1256 0.23 1095 033
BOPA™ R-NH*(COO"),, Na* 1615 0.66 1399 052 1095 0.30
BOPA ™ R-N(COO),, 2Na* 1650 0.10 1575 0.77 1407 049 1094 035
betaine acid (H3C)3'N*-CH»CO,H,-CI” 1740 023 1635 0.15 1265 0.27 1223
betaine * (H3C)3'N*CH,COO™ 1615 0.44 1401 041 1337
glycine acid NH;*CH,COOH, CI” 1736 020 1625 0.19 1524 1435 1379 1258 0.28 1137 1046
glycine® NH;*CH,COO~ 1640 0.05 1603 0.34 1510 1412 0.28 1331 1129 1033 928 897
sodium glycinate NH,CH,COO™, Na* 1646 0.07 1562 0.51 1343 1404 0.23 1316 1170 1082 1028 983 897
acetic acid CH3;COOH 1706 022 1647 0.10 1388 1271 021 1050 1015 886
sodium acetate  CH;COO", Na* 1655 0.07 1548 0.43 1411 040 1346 1052 1020 928
Ac-Ac, complex CH;COOH—CH;COO", Na* 1712 025 1646 0.15 1552 0.48 1416 043 1281 047
malic acid HO-(CHCOOH,CH,COOH) 1721 0.38 1635 0.10 1402 1348 1274 027 1231 1194 1108 027 1273
sodium malate ~ HO—-(CHCOOH, CH,COO"), Na* 1717 0.19 1640 0.05 1580 0.47 1400 0.30 1314 1270 023 1226 1190 1097 027 1273
disodium malate HO—(CHCOO~,CH,COQ"), 2Na* 1652 0.05 1563 0.8 1395 055 1323 1193 1094 0.21 1046 963
actylic acid” CH,=CHCOOH 1703 0.25 1433 0.16 1238 0.2 1239 1184 1294
sodium acrylate CH,=CHCOO", Na* 1650 1541 0.54 1427 037 1361 1278 1061 992 965 896 841
trisodium citrate  HO-C(COO~,(CH,COO")»), 3Na* 1650 0.07 1568 0.86 1390 0.69 masked 1280
monochloroacetic Cl-H,C-COOH 1725 023 1632 0.15 1414 1316 1215 0.26 1147 1277 934
acid (MCA)
Na-MCA CI-H,C-COO", Na* 1589 0.49 1395 040 1257 943
glycolic acid HO-H,C-COOH 1728 022 1635 0.10 1435 1356 1236 0.23 1091 0.30 998 888
sodium glycolate HO-H,C-COO", Na* 1655 0.10 1577 042 1360 1409 0.19 1235 1075 0.25 1325 1004 917
mean 1723 025 1643 0.11 1579 0.55 1517 1397 1406 0.39 1339 1257 0.28 1231 1168 1094 030 1287 1130 1020 953 901 841
standard deviation 12 0.09 9 0.06 26 0.16 10 36 12 0.14 21 20 0.10 6 27 9 0.07 20 107 20 21 15
mean, Cabaniss et al.® 1719 1575 1377 1236
standard deviation 9 21 34 21

aCO band positions given in units of ci and intensities given in units of molar absorbance units (au). Legend is as follows: asym, asymmetric; symm,

scissors; r, rock; b, bend; tw, twist; and w, wadPure anhydrous acrylic aciéiFrom ref 37.

symmetric; st, stretch; defndesform

€ESE00Z ‘9T "ON ‘8L '|OA 'V "wayD 'sAud °r
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i (A) Although the other acids are in aqueous solutions, they show

the same two bands at approximately the same positions as those

for acrylic acid (see Figure 4 and Table 7) but with greater

intensity. Since the spectra are molar, they indicate the presence

of more OH bonds than in pure acrylic acid. These originate

I from their relation to the water molecules and would make

L_\ xx hydrogen bonds with the acid carboxylic OH groups in close

\ <, or open configurations for the 3022 and 3391 énbands,
respectively.

The aqueous acids show two more bands near 3391 and 2068
x cmL. The 3391 cm! band is near the OH stretch of pure water

' (~3320 cn1Y) or salt-solvated water~3300 cntl);1112jt is
assigned to water that has not been strongly bonded to the
E g 3 carboxyl groups but bonded together. The 2068 tivand is
% & 8 near the pure water 2100 cmband and is assigned to the

i é,: ) combination of the far-IR bands with the frequency of water.

0 +———""T——— This band in aqueous acids is broader than that in water, which
0 1 2 3 4 5 indicates that the far-IR bands should also be broader than that
in water.

W (B) 4.6.3.2. Carboxylate Salts. The spectra of the sodium car-

] * boxylate salts are presented in Figure 5. The 2068 and 2584
2 cm~! bands are absent. These salts are ionized because the

carbonyl groups have two bands situated near 1579 and 1406

cm~1 (Table 5) that are typical of ionized groups{R=0 O").

The negative charge resonates between the two O atoms.

Consequently, the absorption near 3391 and 3022 ¢sndue

to the solvated water, NH groups (glycine and BOPA), and OH

alcohol (malic, glycolic). All these groups are hydrogen-bonded

but less strongly than in the acid situation.

4.6.3.3. Zwitterions and Complex. The spectra of the aceto-
pK. acetic complex, sodium malate, betaine, glycine, and BOPA
zwitterions are presented in Figure 6. The situation of the aceto-
Figure 7. Relationship of K, with (A) acidic water (molar HCI acetic complex, sodium malate, and BOPA monoacid are
equivalent or continuum of absorbance,) this work and ) values between the acid and salt situations because these molecules
from ref 26); (B)vcoo (@) asymmetric and®) symmetric). Slanted 50 o if acids and half salts. Betaine is a zwitterion that has no
straight line comes from the work of Cabaniss and McVey. ’ g .
OH group. Its spectrum (spectrum c in Figure 6) is almost the

and weak; therefore, they do not bother our analysis of the OH Same as that of the salts (Figure 5). The glycine zwitterion (see
stretch bands that are large and without much structure. TheSPeCtra dland e in Figure 6) has three bands (at13400_’ 3070,
spectra of the acids, the salts, and the zwitterions and complex284> €m*) and a very small band (at2200 cnr?). This
are presented on the top of Figures 4, 5, and 6, respectively.ZW't_ter'on has no available OH group but does.have three
We could distinguish four large bands whose mean positions 2vailable NH groups. These could be responsible for the
are located at 3391, 3022, 2584, and 2068 twith bandwidths presence of the last two bands and the intensity of the 3070
of ~220 cnTt. These values are large for two main reasons: M - band, which is more intense than the other molecules of
(i) the hydrogen-bonding network weakens the OH force this series. The BOPA zwmerlpn is similar to that of glycme
constant that causes many organizations, and (i) as for the watePUt With less-intense bands. This molecule has no available OH
situationst22°the combination of the fundamental with the far- 9roup but does have one available NH group.
IR bands brings many satellites into the fundamental regions 4.6.4. Continuum of Absorbance. To evaluate the relationship
that broaden the bands. The bands are assigned in Table 7. between acidity and the continuum of absorption of the
4.6.3.1. Carboxylic Acids. Figure 4 displays the spectra of molecules, Leuchs and Zundel evaluated their intensities in terms
the acid species. In these spectra, the carboxyl groups are noff the HCI molar equivalent, as a function oKg?>% The
ionized (R-COOH). All the acids are in aqueous solutions, resulting relationship obtained for 14 species is plotted in Figure
except acry”C, which is pure. This acid shows two broad, low- 7A. In the same fashion, we determined our series of CarbOXyliC
intensity bands, which are situated near 2900 and 2580 cm acids in terms of the HCI molar equivalent. The results given
(see Table 7). No absorption is observed near the OH stretchin Table 4 are plotted in Figure 7A. The results are comparable
position of water and alcohol at 3391 chntherefore, the two to those of Leuchs and Zundel. From this figure, we see that
bands must be assigned to the carboxyl OH stretch absorptionthe variation in intensity of the acid continua is contrary to that
The difference of- 450 cnt? from the water OH stretch position ~ Of their pKa values.
indicates much stronger hydrogen bonding in the acid than in  Because these acids are not deprotonated (the COOH groups
water. This indicates dimer or oligomeric formations, or both. are notionized), the intensity of the continuum cannot be related
The 2580 cm! band is approximately half the intensity of the to the acid anion and proton §8"), although the absorption
2900 cnt?! band; its greater displacement indicates stronger pattern is similar. Therefore, it must be related to the hydrogen-
hydrogen bonding. On this basis, we assign the 2580 trand bond network. The continuum is more intense when water is
to the dimer and the 2900 crh band to the oligomeric present, which is indicative that solvated water contributes to
organization. the continuum.
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TABLE 6: Assignment of the CH Stretch IR Band Positions (in cnm?) of Aqueous Carboxylic Species (1 M)

Comb. Asymm.CH  Asymm.Ch CH Symm. CH Symm. Ch
species formula 30963000 2972-2952 2936-2916 2899-2880 2882-2862 2863-2843
BOPA H* H4C+(CHy)3-O+(CHy)sNH*(CH2CO,H),, -Cl= 3010 2966 2938 2915 2877 2838 2815
BOPA* R—NH*(COOH, COO) 3050 2963 2940 2910 2878 2850 2820
BOPA™ R—NH*(COO),, Na* 3055 2965 2940 2907 2878 2850 2820
BOPA™2 R—N(COO"),, 2Na* 3100 2962 2939 2915 2876 2850 2815
betaine acid (BC)3*NT+CH,COy°H, CI~ 3060 3035 2993 2963
betaine (HsC)s*N*+-CH,COO~ 3063 2970
glycine acid NH"CH,COOHCI 3010 2920
glycine* NH3"CH,COO~ 2970 2924
sodium glycinate NBHCH,COO-, Na* 2955 2935
acetic acid CHCOOH 3020 2945
sodium acetate C4€00-, Na"
Ac-Ac, complex CHCOOH:CHCOO™, Na" 3010 2950
malic acid HGO-(CHCOOH,CHCOOH) 2940 2899 2840
sodium malate HE(CHCOOH, CHCOO"), Na*
bisodium malate H®(CHCOO ,CH,COO"), Na" 2970 2929 2889
acrylic acid CH,=CHCOOH 2990 2935 2885 2805
sodium acrylate CH=CHCOO", Na* 2900
trisodium citrate  HO-C(COO",(CH,COO"),), 3Na" 2980 2935 2850 2815
monochloroaceticCl—H,C—COOH 3015 2960 2815
acid (MCA)
Na-MCA Cl-H,C—COO, Na* 2960 2855
glycolic acid HO-H,C—COOH 2925 2850
sodium glycolate HGH,C—COO~, Na* 2925 2850
mean 3040 3038 3035 2963 2952 2920 2914 2878 2855 2815
standard deviation 36 27 15 21 11 19 1 16 5
2 Assignment regions taken from Alpert et&l ® From second derivative§ Pure anhydrous acrylic acid.
TABLE 7: Assignment of the OH Stretch IR Band Positions (in cnt!) of Aqueous Carboxylic Species (1 M)
vo-+ (H20, vo-n (carboxylic,
—COH, and  hydrogen-bonded
ReO—HeR), to water or other
species formula 20 VN-H carboxylic groups) RO comb.
BOPA H" H3C+(CHj,)3°O+(CHy)sNH*(CHp*CO.H),, +Cl~ 3410 2930 2560 1930
BOPA* R—NH*(COOH, COO) 3400 ~2930 2560 1930
BOPA~ R—NH*(COO),, Na* 3400 ~2140
BOPA™2 R—N(COO),, 2Na" 3400 ~3100 ~2160
betaine acid (BC)s*NT-CH,*CO,H, CI~ 3550 3400 ~2963 2550 1975
betaine (HsC)s*N*+CH,COO™ 3320 2145
glycine acid NH"CH,COOHCI ~3500 3400 ~2965 2570 2010
glycine* NH3;*CH,COO~ 3400 3070 ~2645 ~2100
sodium glycinate NRCH,COO", Na" 3350 3070 2645 2200
acetic acid CHCOOH 3450 3000 2612 2020
sodium acetate GO0, Na" 3350 ~3100 2200
Ac-Ac, complex CHCOOH:CHCOO, Na* 3400 ~3100 2540 ~1935
malic acid HO-(CHCOOH,CHCOOH) 3500 2930 2580 1995
sodium malate HG(CHCOOH, CHCOO"), Na* 3400 2940 ~2540 —1960
bisodium malate HS(CHCOO ,CH,COO"), Na" 3320 ~3000 2190
acrylic acidt CH,=CHCOOH ~2900 ~2580 ~1950
sodium acrylate Cp=CHCOO, Na" 3350 3120 2185
trisodium citrate HG-C(COO ,(CH,COO),), 3Na" 3350 ~3140 2180
monochloroacetic acid (MCA) E€IH,C—COOH 3550 ~3420 3000 2575 1970
Na-MCA CI=H,C—COO", Na* ~3620 3400 3000 2160
glycolic acid HO-H,C—COOH 3450 ~3100 2560 2000
sodium glycolate HGH,C—-COO, Na* 3350 ~3000 2660 2165
mean 3555 3391 3022 2584 2068
standard deviation 49 44 75 40 105

aPure anhydrous acrylic acid.

The absorption of the IR “continuum” was observed to be present study confirm that the intensity of the continuum
independent of the water/solute ratio (for a ratio sufficiently (evaluated as acidic water) decreases as the a€idvalues
greater than 5). This indicates that there is a direct molecular increase’® Therefore, the IR measurements of the amount of
relation between this continuous absorption and the carboxylic acidic water gives an evaluation of the acid strength in water.
acid species with a fixed hydration number. The results of the Our results confirm that, at equivalenKp the greater the
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number of OH acid groups in the acid, the greater the amount Figures 4-6). The relationship between the experimental spectra
of acidic water preserif, whereas the neat value per OH acid used to calculate the principal one&f) and principal spectra
group seems to be only related to the correspondifigvalue (8 is

of the acid. An alcoholic OH group does not contribute to the
acidic water. Finally, a molecular positive charge does not
increase the intensity of the continuum, because of nondisso-
ciated OH acid groups, contrary to cases of negative chafges.

SP=pPx S (B1)

The MFs form matrixP. The principal spectr&” are obtained
by multiplying both sides in eq B1 by the inverse of matfix

5. Conclusion giving

The present study shows that genuine results are obtained
using a relatively inexpensive technique, compared to more-
elaborate methods, such as neutron scattering. By adequatelyihe water content of the principal solute speci&¥) (is
subtracting the water (acidic, basic, neutral, and saline) spectraobtained by multiplying each coefficient &* by the known
of the solvent, we confirm, in this study, our previous results water content of the corresponding experimental solution. The
that flat baselines can be obtained directly without any artificial Sums obtained by adding the results yield the water concentra-
baseline correction. Even the OH stretch region, which is often tions (in units of mol/L), and these, in turn, yield the hydration
overlooked because of the strong absorption of water, yield numbers when they are divided by the concentration of the
valuable quantitative information in all the IR regions: near-, solute species (1 mol/L). The error is greater on the hydration
middle-, and far-IR. Because IR spectroscopy is a technique number of the acidic forms than on that of the anionic forms
that probes the species at the molecular level, we gain because in the former case, it is not possible to use the small

S=ptxs (B2)

information at that level. Moreover, because this technique is a Water band near 3660 crhfor the water subtraction (criterion
multispecies analytical tool, analytical protocols can be devel- (i) in Section 2.1) that permit a more precise subtraction.

oped to give quantitative values on the fly for many substances

in aqueous solutions. Compared to high-performance liquid List of Symbols

chromatography (HPLC), which often required0 min to yield BOPA = AH,
the same information, IR presents a real advantage.

H*AH
Appendix A. Correction for Acidic and Basic Waters to ’
Obtain Real Spectra of Solvated Species AH, = H*AH-

An amount of 0.055t 0.005 mol/L equivalent HCI for each
mol/L glycine zwitterion (Table 4) is subtracted to obtain H"A*
spectrum B in Figure 1. Because this acidic water is solely
due to the solvation of glycine zwitterion in water, it had to be A
added to spectrum Dn Figure 1. Because the acidic water
spectrum used is related to 1.54 M HCI, this spectrum, A
multiplied by (0.055/1.54), is added to spectrumib Figure
1, yielding an intermediate spectrum. The acidic water spectrum o
contains part of a pure liquid water spectrum; thus, the latter
was subtracted from the preceding intermediate spectrum, inc-1
accordance with the criterion listed in Section 2.1 for the
maximum water spectrum subtraction. The resulting spectrum M:
is displayed in spectrum d in Figure 6. The same strategy wasMa
applied to all solvated species spectra for which excess amounts
of acidic or alkaline water were observed. Details are provided V

in the Supporting Information. A

. . . Ky, Ko, K3
Appendix B. Hydration Number of Solute Species from Ko
IR Spectra s

Previous work has given information about the hydration
number of solute species from IR specifaifter the acidic, €
basic, and pure water spectra are subtracted from the aqueous
solution spectra, the resulting spectra indicate that water is still M,
present. The hydration number of a solute species is defined asn,
the amount of water strongly perturbed by the solute, giving a ,
characteristic spectrum that is different from that of pure liquid
water. To evaluate the hydration number, we calculate the exact,,
composition of the species retrieved by FA. The principal water
spectra (1.54 M HCI, 2.23 M NaOH, and 5.13 M NaCl) used
for FA are not those of orthogonal species, because they contain
some of the pure water specfr but their compositions are
known 32

We extract the multiplying factors (MFs) related to the
principal species spectra (Figures-@), S°. Note that the

N,N-(butyloxypropyl)amino diacetic acid, GH
(CH;)3—0—(CH,)s—N (CH.COOH),

N,N-(butyloxypropyl)amino diacetic acid cation,
R—NH*(CH,COOH),

N,N-(butyloxypropyl)amino diacetic acid zwitterion,
R—NH*(CH,COOH,CHCOO)

N,N-(butyloxypropyl)amino diacetic acid monoan-
ion, R—NH*(CH,COO"),

N,N-(butyloxypropyl)amino diacetic acid dianion,
R—N (CH,COO),

A selects the counterion associated with dry BOPA,
A=+1

mean number of counterions Nassociated with
dry BOPA, 0< ay < 2

mean number of counterions Gdssociated with dry
BOPA,0< o0 <1

molar mass of BOPA in the neutral form (M)

mass added to the molar mass of BOPA when
associated with the counterion

total volume of the sample (L)

total solute concentration in the sample (mol/L)

dissociation constants of BOPA in water

dissociation constant of water

0 selects the titrant used: bage= +1; acid,
o0=-1

relative concentration of the solution of titrant
(w/w)

molar mass of the titrant (M)

mass of the titrant added to the sample (g)

relative concentration of the stock solution of BOPA
(w/w)

density of the stock solution of BOPA (g/L)

density of the sample (g/L)

variation of the total density of the sample divided
by the inverse of the partial density of the titrant:
s = (p — po)V/Ims (nondimensional)

Supporting Information Available: Description of the

carboxylic acid species spectra were normalized to 1.0 M (seewater spectrum subtraction methodology, spectra residues from
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FA studies, and FA data (and corrections for acidic/basic waters)and Intermolecular InteractignAcademic Press: New York, 1969. (d)

for various carboxylic acids (acetic acid, malic acid, betaine,
and BOPA) (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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