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Rapid determination of the acidity, alkalinity and carboxyl content
of aqueous samples by 'H NMR with minimal sample quantity

Matthew Wallace,* Kevin Lam, Agne Kuraite and Yaroslav Z. Khimyak

School of Pharmacy, University of East Anglia, Norwich Research Park, Norwich, NR4 7TJ, UK.

Corresponding Author: matthew.wallace@uea.ac.uk

ABSTRACT: The titratable acidity, alkalinity and carboxylate content are fundamental properties required for the understanding of
aqueous chemical systems. Here, we present a set of new methods that allow these properties to be determined directly by 'H NMR
without the labor, cost and sample quantity associated with running separate potentiometric or conductometric titrations. Our methods
require only the measurement of the pH sensitive 'H chemical shifts of indicator molecules and do not require the tedious titration of
reagents into a sample. To determine the titratable acidity, an excess of 2-methylimidazole (2MI) is added to a sample and the quantity
of protons absorbed by 2MI determined from its '"H chemical shifts. The titratable alkalinity of a sample can be similarly determined
using acetic acid. To determine the concentration of deprotonated carboxylates, a sample is acidified with HCI and the quantity of H*
absorbed determined from the 'H chemical shift of methylphosphonic acid. We validate our methods by demonstrating the
measurement of the acidity of fruit-flavored drinks, the alkalinity of tap water and the carboxylate content of nanocellulose

dispersions.

The titratable acidity and alkalinity of aqueous samples are of
importance for a wide variety of fields including food science,
agronomy, water treatment and engineering.!2 For example, the
titratable acidity of fruit juice determines the flavor and can be
used to judge the ripeness of crops.! Elsewhere, in soft matter
science, the carboxylate content of colloidal systems determines
their stability and pH-responsive behaviour.>* The acidity,
alkalinity and carboxylate content of aqueous samples are
conventionally  determined using potentiometric  or
conductometric titrations. Though simple and robust, these
methods provide very limited chemical information and require
large sample volumes (typically > 10 mL) which are serious
drawbacks for the analysis of complex samples or custom
synthesized materials.* # The detailed chemical composition of
samples remains obscure while it can be impossible to detect
the minor degradation of samples due to the presence of strong
acid or base. In contrast, 'H NMR is a powerful tool to study
complex mixtures such as foods or natural waters and can
provide unique information on the structure and dynamics of
colloidal systems.®®

Here, we present a convenient set of methods that allow the
acidity, alkalinity and carboxylate content of aqueous samples
to be determined directly by "H NMR with less than 0.6 mL of
sample per measurement. We measure the acidity of apple
squash (dilute apple juice with added organic acids) and
standardized HCl as well as the alkalinity of tap water.
Excellent concordance with potentiometric data is obtained
while the chemical composition of the sample can be
determined simultaneously from the same spectrum. We also
demonstrate the measurement of the residual acidity and
carboxylate content of functionalized cellulose nanocrystal
(CNC) dispersions with less than 6 mg of solid material per
measurement. The chemical stability and aggregation state of
the cellulose can be simultaneously assessed by 'H NMR.

EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-Aldrich
or Fisher Scientific and used as received. Milli-Q water (18.2
MQ.cm) was used throughout the study. HCI was purchased as
0.100 M and 1.0+£0.05 M standards. Apple squash concentrate
was purchased from Sainsbury's Supermarkets Ltd., UK. A list
of ingredients is provided in Section S-1.1. Solutions of 2-
methylimidazole (2MI, 0.173£0.002 M), acetic acid
(0.502+0.005 M) and disodium methylphosphonate (MPA, 40
mM) were prepared in H,O and their concentration verified by
integration of the '"H NMR resonances against a potassium
hydrogen phthalate (KHP) standard. CNC was prepared
following the procedure of Yu e al’ The full synthesis is
described in Section S-1.2.

Preparation of NMR samples. All NMR samples were
prepared in 100% H,O to ensure maximum compatibility of our
methods with aqueous samples. For the measurement of
titratable acidity, TA (Table 2), 2MI (230 pL, 0.173 M) and 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS, 20
uL, 20 mM) were combined with apple squash (40 puL) or HCI
(200 uL, 0.100 M) and the volume made up to 2000 pL. with
H,0. Analogous reference samples were prepared without HCI
or apple squash. For the measurement of titratable alkalinity,
[B] (Table 3), water sample (3896 pL), acetic acid (63.7 pL,
0.502 M) and DSS (40 pL, 20 mM) were combined in a 7 mL
glass vial. 550 pL of each solution was transferred to a 5 mm
NMR tube for analysis. For the measurement of TA of CNC
(Table 5), samples were prepared directly in 5 mm NMR tubes
to conserve sample. MPA (27.5 uL, 40 mM), DSS (2.8 pL, 20
mM), DMSO (2.8 uL, 1 vol%) and CNC (3-4 wt%) were
combined with H,O to give a final volume of 550 pL and a CNC
concentration of 1 wt%. The samples for the measurement of
the carboxylate content, COO(H), were prepared directly in 5
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mm NMR tubes. For the analysis of disodium fumarate (Table
4), HC1(110 pL, 0.100 M), disodium fumarate (110 pL, 10+0.3
mM), MPA (2.8 pL, 40 mM) and DSS (2.8 uL, 20 mM) were
combined and the volume made up to 550 uL with H,O. After
analysis, HCI (15 pL, 1.0 M) was added to the NMR tube to
provide a measurement at 46 mM HCI. HCI was also added to
the analogous reference sample prepared without fumarate. For
the analysis of CNC (Table 5), MPA (2.8 uL, 40 mM), DMSO
(2.8 uL, 1 vol%), HCI (110 pL, 0.100 M), DSS (2.8 uL, 20 mM)
and CNC (3-4 wt%) were combined with H,O to give a final
volume of 550 pL and a CNC concentration of 1 wt%.
Analogous reference samples were prepared without CNC. To
determine the quantity of citrate or malate esterified to CNC,
[A], by 'H integration, NaOH (55 pL, 1.0 M), KHP (26.2 pL,
84.1+£0.8 mM) and CNC (3-4 wt%) were combined with H,O in
a 5 mm NMR tube to a volume of 550 pL and CNC
concentration of 1 wt%. Samples were stood overnight at 24+1
°C before analysis.

Potentiometric titration of apple squash and tap water.
Apple squash (500-1000 pL) or water sample (10.0+0.1 mL)
was transferred to a 100 mL beaker equipped with a magnetic
stirrer and 20 mL of H,O added. The sample was titrated with
either 19.3+0.3 mM NaOH (apple squash) or 2.00+0.02 mM
HCI (water sample) and the pH monitored using a Hanna
Instruments pH210 meter equipped with an FC200 probe. The
pH meter was calibrated before use with pH 4.01 and pH 7.01
buffers. The endpoint of the titrations was taken as pH 8.2 and
pH 4.7 for the analysis of the apple squash and water sample
respectively. For the titration of water, an acidic endpoint is
necessary to determine the concentration of bicarbonate.? The
NaOH was freshly prepared and standardized with 0.100 M HCl
before use. The acidity of the apple squash concentrate was
obtained by titration as 0.496+0.007 M (mean + standard
deviation, n = 3), with an overall uncertainty of 3% arising from
the uncertainty in the concentration of the NaOH standard and
the titre volume. Titrations of water were carried out in
duplicate with concordance (£0.05 mL) obtained. The
uncertainty in [B] is estimated as 3% and 6% for the tap and
filtered water respectively (Section S-11).

'H NMR. NMR experiments were performed at 298 K on a
Bruker 500 MHz spectrometer. The temperature was calibrated
using a methanol standard and can be assumed accurate to 0.5
K,!0 the variation in temperature with time being less than 0.1
K. All spectra were recorded off-lock in 100% H,O using the
perfect echo WATERGATE sequence of Adams et alll
incorporating the double echo W5 sequence of Liu et al.!> The
delay between successive pulses in the selective pulse train was
set at 333 ps. The 90° pulse was set at 12 ps. The signal
acquisition time and relaxation delay were 4.37 s (64K data
points) and 1.0 s respectively. 8 dummy scans and 16 scans
were acquired for the measurement of TA (Table 2) and [B]
(Table 3), and 32 scans for the measurement of COO(H) (Tables
4 and 5). A relaxation delay of 40 s was used for the
determination of [A] (Table 5). An uncertainty in [A] of 5% is
assumed based on the analysis of a 4 mM sodium citrate
standard. All spectra are referenced to DSS (0 ppm) and
processed with 128K points and an exponential line broadening
factor of 1 Hz. A line broadening factor of 3 Hz was used for
the calculation of COO(H) and [H;0*] due to the low

concentration of MPA. The 'H imaging experiment to extract
the indicator parameters of 2MI is described in Section S-2.

RESULTS AND DISCUSSION

Determination of titratable acidity by 'H NMR. Our
methods require only the measurement of the 'H NMR
chemical shifts of indicator molecules.!?# Fast exchange
on the NMR timescale causes the observed chemical shift,
Oobs, t0 be a population weighted average of the limiting
protonated (8y) and deprotonated (8;) forms of the
indicator. J.s is related to the pH of the solution via
Equation 1:13-14
Sobs — By

pH = pK; + logyo (ﬁ) 1

where the pK, is that of the indicator. We note that
Equation 1 has been widely used to measure the pH of
aqueous samples and can provide compartment-specific
pH values in complex systems such as living cells.!>-1¢ The
concentration of protonated indicator, [HInd], is related to
the total indicator concentration, [Ind], by Equation 2:

6nbs - 8L
[HInd] = [Ind]iotal (ﬁ) 2

The titratable acidity, TA, is defined as the total
concentration of acidic protons in a sample.> ! In our
method, a solution of a basic indicator is added to a sample
so that all of the acidic protons are quantitatively absorbed
by the indicator. TA is therefore approximately equal to
[HInd]. However, to correct for any CO, absorption by the
indicator stock solution, it is necessary to measure the
chemical shift in a reference sample comprising the
indicator alone, 8.r. TA is thus provided by Equation 3:

Bobs — 5ref 8y — Bref PKa—PKw
TA= [Ind]total ( 8y — 0y, ) + (6r9f—5L)10 :

The right-hand term corrects for the deprotonation of H,O
by the indicator in the reference sample. pK,, is taken as
13.95 with no ionic strength correction necessary (Section
S-4). 2-methylimidazole (2MI) is used as the indicator for
the measurement of TA. The low basicity of 2MI is
sufficient to deprotonate carboxylic acids (pK, < 6),
although we note that less acidic species can contribute to
the apparent titratable acidity (Section S-10).The 'H
chemical shifts were measured as a function of pH using
chemical shift imaging (Fig. 1, a) as described in our
previous work and in Section S-2.13 Excellent fits to
Equation 1 are obtained, confirming the validity of the fast
exchange model and allowing the pK, and limiting
chemical shifts of 2MI to be determined.
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Fig. 1. (a) Plot of chemical shift of methyl (black) and aromatic
(red) resonance of 2MI versus pH. Fits to Equation 1 are shown as
dashed lines. The right-hand axis has been reversed for clarity. (b)
Partial '"H NMR spectra of aromatic (left) and methyl (right)
resonances of 2MI in 10 mM HCI (3,ps, solid line) and reference
sample (Jref, dashed). [2MI]or; = 20 mM in both spectra.

The methyl and aromatic chemical shifts of 2MI are very
sensitive to protonation and no broadening of the
resonances is detected when the 2MI is partially protonated
with HC1 (Fig. 1, b). The two resonances can therefore be
used together to provide extra confidence in the acidity
measurements obtained from Equation 3. We note that fast
exchange between the tautomeric forms of the imidazole
leads to equivalence of the aromatic protons. The indicator
parameters of 2MI are provided in Table 1. We note that
disodium methylphosphonate (MPA) and acetic acid can
be used to measure the pH of aqueous samples from pH 1
to pH 9 and are used in this work to quantify the titratable
alkalinity and carboxylate content.!* For the samples and
ionic strengths discussed in this work, the pH determined
from Equation 1 using the parameters listed in Table 1 can
be assumed accurate to 0.1 units when the pH is 9 or below,
and to 0.3 units at pH 10 (Section S-3).1> We note that
binding to proteins or other macromolecules is likely to cause a
broadening of the 'H resonances of the indicators.!’-!® The
interaction and interference of these sample components with
the indicators can therefore be detected by analysis of 'H
linewidths (Fig. S-8 and S-11).

Table 1. pK, values and limiting chemical shifts of
indicators used in this work

Indicator pK.  (ionic | dy/ppm O /ppm
strength/mM)

2MI? 8.02 (25) 2.6044 (methyl) 2.3450

7.2673 (aromatic) | 6.9586

MPAb< 7.75 (41) 1.2819 1.0711

2.32 (20) 1.5106 1.2819

Acetic acid® 4.724(10) 2.0830 1.9060

aDetermined as described in Section S-2. "Parameters taken from
Reference 13. °The protonation steps of MPA are treated separately
due to the large difference in pK, (Fig. S-2). 9pK, value calculated

at 10 mM ionic strength (Section S-6). All parameters determined
in 100% H,0 at 25 °C. pK, determined at ionic strength indicated.

To test Equation 3, samples were prepared containing 0.2
mM DSS, 20+0.4 mM 2MI and either 0 or 10 mM
standardised HCI. Another sample was prepared
containing 20 pL/mL of apple squash in place of the HCI.
The squash contained 20% apple juice with added citric
and malic acids. TA measured by '"H NMR is provided in
Table 2.

Table 2. Acidities of apple squash and standardised
HCI determined by '"H NMR#

Sample Sops/PPM pHP TA/mM®
Reference 2.3487 (methyl) 9.86 0.20+0.214
6.9632 (aromatic) 9.84 0.22+0.184
HCl 2.4790 7.99 10.13+0.31
10.0£0.1 mM | 7.1207 7.98 10.28+0.29
Apple squash | 2.4806 7.98 10.254+0.31
20 pL/mL 7.1225 7.97 10.40+0.29
(9.91+0.30)°

aValues are calculated using the methyl (upper) and aromatic
(lower) resonances of 2MI (20 mM). *Calculated using Equation 1.
‘Uncertainties estimated via a propagation of error analysis
(Section S-4). dCalculated using Equation S-6. *Determined by
potentiometric titration with NaOH.

The concentration of HCI determined by NMR is within 3% of
the known concentration which is in agreement with a
propagation of error analysis (Section S-4). The acidity of apple
squash is within 5% of the value determined by potentiometric
titration. Similar agreement is reported between conventional
potentiometric titrations and alternative methods for the
determination of TA, such as flow-based analyses> ° or
miniaturized potentiometric titrations.! The TA and chemical
composition of the apple squash can be determined from the
same 'H NMR spectrum, thus conserving time and sample (Fig.
S-8). The apparent acidity measured in the reference sample
corresponds to a CO, contamination of 1 mol% which has
negligible impact upon the accuracy of the method (Fig. S-4).
The close agreement between the pH and TA determined using
the methyl and the aromatic resonances of 2MI confirms that
there is no significant interaction between 2MI and components
of the apple squash. The interaction of 2MI with other species
would affect the methyl and aromatic resonances to different
extents (Fig. S-8).20 The endpoints of conventional
potentiometric titrations are typically between pH 7 and pH 9."
5 In our method, the pH will lie within this range and acidity
measurements will be obtained within 10% uncertainty
provided the ratio TA/[Ind] is between 0.1 and 0.9 (Fig. S-3
and S-5). At 20 mM 2MI, TA may thus be measured over the
range 2 - 18 mM. The limiting chemical shifts of NMR pH
indicators in H,O typically vary by less than 0.002 ppm when
the ionic strength is below 0.1 M and only monovalent ions are
present.3* The measurable range of acidity can therefore be
adjusted by varying the concentration of indicator used and the
method validated with HCI (Fig. S-3 and S-5).

Determination of titratable alkalinity. An excess of an acidic
indicator such as acetic acid is added to an alkaline sample.

3
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Assuming the base in the sample reacts quantitatively with the
indicator, the titratable alkalinity, [B], is given by Equation 4:

811 — s 8obs — 8. —Pka

[B] = [Ind]otal (m) - (m)lo 4

The term on the right corrects for the self-dissociation of the
acidic indicator (Section S-6). To test our method, samples were
prepared containing 8.0+0.2 mM acetic acid, 0.2 mM DSS and
974 pL/mL of tap water collected from a supply in Norwich,
UK. Another sample was prepared where the water had been
passed through a domestic Brita® MAXTRA cartridge.

Alkalinities of the water samples determined by NMR and by
potentiometric titration with HC1 are compared in Table 3.

Table 3. Alkalinities of water samples

Sample Sops/ppm | pH? | [B]/mMP [B)/mM

(NMR) (Potentiometric)
Tap water 1.9797 4.87 | 4.78+0.12¢ | 4.82+0.14
Brita® filter | 2.0635 3.81 | 0.75+£0.11¢ | 0.59+0.04
Milli-Q 2.0727 351 | 0.16+0.18 | -

apH of sample with 8.0 mM acetic acid, calculated using Equation
1. PUncertainties estimated via a propagation of error analysis
(Section S-6). °Values scaled by 1/0.974 for comparison with
potentiometric data.

The alkalinities of the tap water sample measured by NMR
and by potentiometric titration correspond to 239+6 and
24147 mg/L CaCOj; respectively, in good agreement with
the 234 mg/L CaCOj; reported by the local water authority
(Section S-12). HCOj;™ is the dominant alkaline species in
our tap water sample.? The pK, of CO, can be taken as 6.29
at an ionic strength of 10 mM and HCOs5- will therefore be
>95% protonated below pH 5.2 When acetic acid is used
as an indicator, the pH will lie below 5 if the ratio
[B)/[Ind]ota is below 0.7 while acceptable experimental
uncertainty (< 6 %) will be achieved if [B]/[Ind]im > 0.2
(Fig. S-6). With 8 mM acetic acid, [B] may thus be
measured over the range 1.6 to 5.6 mM. More acidic
indicators give greater uncertainties due to the right-hand
term of Equation 4 (Fig. S-6). For Brita® filtered water, the
discrepancy in the alkalinity determined using the two
techniques is attributable to the experimental uncertainty
when [B]/[Ind]ow < 0.2 (Fig. S-6) and the errors associated
with performing potentiometric titrations at low ionic
strength and alkalinity (Section S-11). The apparent
alkalinity of Milli-Q water is within the uncertainty of the
measurement. We note that our method is not significantly
affected by the low levels of Ca?" or Mg?* present in natural
waters due to the low affinity of acetate for these ions
(Section S-6).22 14

Determination of the deprotonated carboxylate
content. A sample is acidified with HCI and dibasic MPA
added as an indicator. A reference sample comprising only
HCI and MPA is also prepared. The concentration of free
H* ions, [H30%], in sample and reference is determined
from the 'H chemical shift of MPA (8., and &g
respectively). Provided a low concentration of MPA is
used so that [HCI] >> [MPA], the quantity of H" absorbed
by the sample is equal to the difference in [H;0"] between

sample and reference. The carboxylate content can be
assumed equal to the quantity of H* absorbed by the
sample, provided the pH of the sample following
acidification is sufficiently low to ensure full protonation.
If the sample contains no ions in addition to the
carboxylates and monovalent counterions, the ionic
strength, I, and the dissociation constant of MPA, K., in
sample and reference will be equal. K is calculated from
Orr using Equation 5:

5ref - 'SL 6H - 'Sref
Keff = ([HCI] - [MPA]total[l + m])((sref_ 5L)

where [HCI] is the total concentration of HCI1 added to the
sample and reference. The pH is determined from Equation
1 using the lower pK, value and limiting chemical shifts of
MPA (Table 1). The carboxylate content, COO(H), is
calculated using Equation 6:

Sref — OL Sobs — B1.
COO(H) = Keff(m - m) 6

A derivation of Equations 5 and 6 is provided in Section S-
7. Samples were prepared containing 2.0 mM disodium
fumarate, 0.2 mM MPA, 0.1 mM DSS and 20 mM HCI.
After analysis, [HCI] was increased to 46 mM by the
addition of 15 puL of 1.0 M HCIl to the NMR tube.
Reference samples were also prepared. The carboxylate
contents of the samples are provided in Table 4.

Table 4. Carboxylate content of 2.0 mM fumarate

Page4of 7

[HCI] | pH* | COOHYmM | COO(H)ymM | [H;O]
/mM (predicted)® (NMR) /mM¢
20+0.2 1.84 | 3.84 3.87+0.30 15.8+0.3
46+1.4 1.47 | 3.82 3.85+1.2 41.8+1.8

apH of fumarate sample calculated using Equation 1. "Quantity of
H* absorbed by fumarate, calculated using the CurTiPot package.??
°[H30%] in fumarate sample determined by NMR (Equation S-22):
[H30"sample = [H30"]rer - COO(H). Uncertainties in [H;0"] and
COO(H) estimated by propagation of error analysis (Section S-7).

The measured carboxylate contents agree closely with the
theoretical values. Fumaric acid possesses pK, values of
2.99 and 4.42 (I = 0).* 2 mM fumarate is therefore 96%
protonated in 20 mM HCI and > 98% protonated in 46 mM
HCI. However, the increased experimental uncertainty at
46 mM HCI more than outweighs any benefit arising from
the more complete protonation of the sample and [HCI] of
20 mM is recommended (Fig. S-7). Nevertheless, a second
measurement at higher [HCI] can be used to validate the
measurement of COO(H) at 20 mM HCI as the difference
in [H;0"] between the samples is equal to the difference in
[HCI] (Table 4). K, Oy and &y are therefore equal in the
sample and reference, confirming the validity of Equation
6. The absence of a significant interaction between MPA
and other sample components can be further verified by
analysis of 'H linewidths and *'P-'H couplings (Fig. S-11).
If the pH of the sample following acidification with 20 mM
HCIl is > 2, additional HCI can be added to attain a more
complete protonation of the sample and thus a more
accurate determination of the carboxylate content (Fig. S-
7). Finally, we note that our method is expected to be tolerant
of low concentrations of Ca?* or Mg?* due to the low affinity of

4
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these ions for monobasic MPA, in analogy with dihydrogen
phosphate.?? However, the sample and reference used for the
determination of COO(H) must have the same ionic strength for
Equation 6 to be valid.

Measurement of the carboxylate content and residual
titratable acidity of nanomaterials. Functionalization of
cellulose nanocrystals (CNC) with carboxylic acids via
esterification is an attractive route to prepare stable
aqueous dispersions that are pH and ion responsive.?* °
However, conventional conductometric titrations for the
determination of the carboxylate content require large
quantities of sample per measurement (typically 0.1 g) that
may not be available.* 3 Hydrolysis of the cellulose esters
may also occur during the titrations which could interfere
with the measurements obtained and be impossible to
detect. In contrast, our methods require less than 6 mg of
CNC per measurement while any low molecular weight
hydrolysis products can be readily detected by 'H NMR.
To test our methods, 1 wt% aqueous dispersions of CNC
functionalized with citric or malic acid were prepared at
pH 7.4. The residual acidity was determined by the
addition of 2 mM dibasic MPA (Equation 3) using the
upper limiting chemical shifts of MPA provided in Table
1. The concentration of deprotonated carboxylates at pH
7.4 was determined via acidification with 20 mM HCI
(Equations 5 and 6) using 0.2 mM MPA as an indicator
(Scheme 1).

0,0 [Nge) o
c) ] R=0
o el o Ly e HC o

pHY
@ | 2mmmPa 16 14 12 10 08
0y 0g O lppm]
) _P-0
o Ly o e} Dy o0 HC “oH
* pHT

20 mM HCI

®) | 0.2 mmmPA Bops
Ol

o, H o} !
0| AT, ke
Hy¢”
v on My 9 B ow Mo BT T 0 os
cEEEE——— P2

[ppm]
Scheme 1. Strategy to determine the residual acidity (a) and
deprotonated carboxylate content (b) of neutral CNC
dispersions by '"H NMR using dibasic MPA as an indicator.

The total quantity of citrate or malate esterified to CNC was
determined by alkaline hydrolysis in 0.1 M NaOH. 4.0+0.1 mM
potassium hydrogen phthalate was included to allow the
quantity of citrate or malate released, [A], to be determined by
integration of their 'H resonances. Data is provided in Table 5.

Table 5. Analysis of 1 wt% CNC dispersions

Sample | TA/mM?* | pH® | COO(H) pHe | [A)/mM!
/mM?

Citrate 0.15+0.02 | 8.79 | 3.47+0.30 | 1.83 | 1.62+0.08

CNC

Malate 0.09+0.02 | 9.02 | 2.68+0.31 | 1.81 | 2.78+0.14

CNC

aUncertainties estimated via a propagation of error analysis
(Section S-4 and S-7). "pH of 1 wt% CNC in 2 mM MPA,

calculated using Equation 1. °pH of 1 wt% CNC in 20 mM HCIl,
calculated using Equation 1. dConcentration of free citrate or
malate measured by '"H NMR after alkaline hydrolysis of CNC.

The neutral CNC dispersions have negligible titratable
acidity indicating that the carboxylate groups are essentially
fully (> 95%) deprotonated at pH 7.4. We note that dibasic
MPA has a significant affinity for divalent cations such as Ca?*
or Mg?" and is not recommended for the determination of TA
when these ions are present.?> Comparing the concentration of
deprotonated carboxylates at pH 7.4, COO(H), with the
concentration of free citrate or malate measured after alkaline
hydrolysis, it is apparent that the carboxylic acids are esterified
to the cellulose via one carboxylate group. CNC functionalized
with citric acid thus bears two carboxylate groups per citrate
unit, in agreement with solid-state NMR data presented by
Spinella et al.** No free citrate or malate could be detected in
the samples used for the determination of TA and COO(H)
indicating negligible hydrolysis of the CNC during the
experiments (Fig. S-9 and S-10). We note that DMSO can be
used as an alternative 'H chemical shift reference (Section S-
1.3). The uncertainty in the determination of COO(H) by NMR
is comparable to the wuncertainty of conventional
conductometric titrations> %24 or acid-base titrimetry.?¢

CONCLUSIONS

Our methods allow the titratable acidity, alkalinity and
carboxylate content of samples to be determined with an
accuracy comparable to other published methods but with all
the additional chemical information afforded by a standard 'H
NMR spectrum. The methods avoid the need for tedious manual
titrations while typically consuming less than 10% of the
sample quantity. We anticipate our methods will find particular
use in the analysis of colloidal systems where only small
quantities of sample are available and chemical understanding
is paramount. Our methods are suitable for the high-throughput
analysis of samples by '"H NMR using robotic sample changers.
It is likely that the methods could be adapted to work on low
field benchtop NMR instruments (Section S-4, S-6 and S-7).
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