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Introduction

Quantification of surface functional groups
on silica nanoparticles: comparison of
thermogravimetric analysis and quantitative NMR+

Filip Kunc,? Vinod Balhara,® Ying Sun,® Malgosia Daroszewska,® Zygmunt J. Jakubek,®
Myriam Hill,® Andreas Brinkmann @2 and Linda J. Johnston (& *2

Thermogravimetric analysis (TGA) coupled with evolved gas analysis-FT-IR has been examined as a
potential method to study the functional group content for surface modified silica nanoparticles. A com-
parison with a quantitative solution NMR method based on analysis of groups released after dissolution of
the silica matrix is used to provide benchmark data for comparison and to assess the utility and limitations
of TGA. This study focused primarily on commercially available silicas and tested whether it was possible
to use a correction based on bare silica to account for the significant mass loss that occurs due to con-
densation of surface hydroxyl groups and loss of matrix-entrapped components at temperatures above
~200 °C. Although this approach has been used successfully in the literature for in-house prepared
samples, it was problematic for commercial silicas prepared by the Stéber method. For these materials
the agreement between estimates from gNMR and TGA mass loss was poor in many cases. However
much better agreement was observed for samples for which the mass loss above 200 °C is relatively low,
such as non-porous silica, or samples for which the mass fraction of functional group is large (e.g., high
molecule weight groups or multilayers). FT-IR was useful in identifying the likely structure of the com-
ponents lost from the surface at various temperatures and in some cases provided evidence of contami-
nants in the sample. Nevertheless, in other cases correlation of thermograms and FT-IR with NMR data
was necessary, particularly for samples where multi-step modification of the silica surface results in
incomplete functionalization that gives a mixture of products. Overall the results indicate that TGA pro-
vides reliable results for silicas of low porosity or those for which the functional group accounts for a sig-
nificant fraction of the total sample mass. It is also suitable as a supplementary or screening technique to
indicate the presence of coatings or covalent surface modification, prior to applying other techniques or
for routine analyses where sensitivity is not critical.

nanomaterial with its surroundings when incorporated into
composites or devices and also when released to the environ-

Adequate physicochemical characterization of nanomaterials
is essential for transferring nanomaterial research into com-
mercial applications. Insufficient characterization makes it
difficult to compare results between laboratories which
hampers the establishment of quality control and risk-assess-
ment approaches.” Surface chemistry is a particularly impor-
tant parameter since it determines the interactions of the
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ment or ingested by living organisms. Therefore, there is a need
for the continued development of methods for accurate charac-
terization of nanomaterial surfaces/coatings prior to their use
for applications. Quantification of surface functional groups
requires the use of multiple analytical techniques that may vary
in sensitivity, range of applicability, ability to monitor accessible
vs. total content and limitations.>® Methods such as solution/
solid-state  quantitative =~ NMR,*®  X-ray  photoelectron
spectroscopy,”® conductometric titrations,'® and fluorometric
and colorimetric assays'*™"® have been applied but there are
only a few instances where the combination of these methods is
comprehensively evaluated.>®*"'® As such, there is a need for
the optimization and cross-validation of methods as well as a
critical assessment of practical implications such as accessibil-
ity, cost, user skill required and analysis time.
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Herein, we aim to investigate the capability of TGA for the
quantification of surface coatings and functional groups on
silica nanoparticles (NPs) which can be readily functionalized
for a variety of applications. Although TGA is not typically the
primary technique for characterization of nanomaterials, it is
a practical tool for industrial-scale measurements and batch-
to-batch quality control and is considered a suitable initial
method for assessing surface group content by OECD. In TGA
the mass loss from materials is monitored as a function of
temperature which yields a decomposition curve that provides
parameters such as initiation/oxidation temperature or
residual mass that may be indicative of material quality or the
presence of impurities. This analysis has been particularly
effective for the characterization of single- and multi-walled
carbon nanotubes.'”*® However, the usefulness of TGA for the
analysis of other materials has been debated. For example, it
has been concluded that TGA is unsatisfactory for quantifi-
cation of polyethylene glycol (PEG), OH, and various organosi-
lanes on cyanoacrylate NPs,"® metal oxides*® and mesoporous
silicas,®" respectively, mainly due to the overlapping decompo-
sition of analyte and other components. On the other hand,
successful quantification was reported for organosilane-modi-
fied cellulose (after correlation to elemental analysis),>?
polymer coated gold,”® and OH quantification on silica and
zirconia.>* One drawback of TGA is the amount of material
(minimum of several milligrams) needed for a single analysis
which makes it less suitable for analyzing small-scale samples,
thin films, or samples with minor modifications. The develop-
ment by Mansfield et al. of microscale TGA utilizing a quartz
crystal microbalance addressed this limitation, achieving good
agreement with conventional TGA for PEG-modified gold/silica
and layer-by-layer polymer coated gold NPs.**

The issue of overlapping mass loss due to surface groups
and components of the material matrix is particularly proble-
matic for silica. A number of studies have used TGA as a
method to assess functional group loading or adsorbed
organic materials on silica NPs;'*>?**! most (although not all)
have applied a correction for the loss of surface silanols at
temperatures above ~200 °C. In most cases the correction was
based on the precursor bare silica prior to functionalization.
Very few of these studies have attempted to validate TGA
measurements by using complementary methods to assess the
reliability of the estimate obtained after correction for loss of
silanols at similar temperatures to the functional group. Here
we have assessed the suitability of TGA as a method for quanti-
fying surface functional groups on silica NPs with a focus on
commercially sourced materials. In order to facilitate the
interpretation of decomposition curves, TGA has been coupled
with Fourier transform infrared spectroscopy (FT-IR) measure-
ments to provide information on the structure of the species
removed from the surface. This so called ‘evolved-gas’ analysis
(EGA) method was, for example, used to quantify carbon-
oxygen groups generated on the sidewalls of SWNTSs by ozono-
lyzis.** Quantification of surface groups by TGA has been com-
pared to estimates obtained by a silica dissolution/quantitative
NMR (qNMR) method that we have recently optimized for
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quantification of total functional group content on silica.”
This approach involves dissolution of silica in basic media and
subsequent quantification of the released functional groups by
internal standard addition.”?*** The qNMR method allows for
structural identification of the functional group, an important
factor when dealing with materials that have been modified
using several steps. The combined information from TGA and
gqNMR allows us to establish general guidelines for the appli-
cation of TGA to commercial silica. Our findings also highlight
some of the limitations of using TGA without reference to
other methods (such as FT-IR or NMR) that allow for assess-
ment of the structure of the surface groups and interference
from potential matrix components or impurities.

Results and discussion
TGA of unfunctionalized Stober silica nanoparticles

Since the TGA results for silica prepared by the Stober method
are typically complex, we initially examined non-functionalized
silica NPs from a single supplier (A, see Materials and
methods) by TGA with EGA-FT-IR detection to provide a base-
line for the amount and nature of components evolved at
various temperatures, prior to the analysis of functionalized
samples. The thermograms, differential thermograms and
corresponding 3D FT-IR plots are displayed in Fig. 1 and S17
for 20, 80, 100, and 200 nm NPs. Each sample shows an initial
mass loss with a maximum in the DTG curve at 100-110 °C
that can be assigned to loss of water. This is followed by a
mass loss that occurs between 200 and 600 °C; some samples
show 2 peaks (350 and 550 °C) while others show a single
maximum at ~550 °C with a broad shoulder at lower
temperatures.

FT-IR spectra measured during the initial mass loss have
two strong bands (4000-3000 cm™" and 1900-1300 cm ™) that
correspond to water in the gas phase. The mass loss due to the
surface water varies from 1% to 5% for the various samples,
consistent with different sample histories and drying
methods. Some silicas have a second component in the FT-IR
spectra measured during the initial low temperature mass loss
region; for example 200 nm silica (Fig. S1t) has signals at
(3000-2900 cm ™" and 1100-1000 cm™") that suggest the pres-
ence of alcohol, most likely ethanol which is used in the syn-
thesis and purification procedure. The presence of ethanol in
unfunctionalized samples is also confirmed in 'H NMR
spectra after dissolution of the silica; for example, 100 nm
bare silica contained 520 pmol g~ ethanol which corresponds
to 2.3 wt%. The effects of residual ethanol are illustrated in
Fig. S21 which shows thermograms for 100 nm silica as
received (dry), after freeze drying overnight and after dis-
persion in ethanol and drying. The amount of water decreases
after freeze drying (from 1.7% to 0.8%). The sample dispersed
in ethanol and then freeze-dried shows a larger mass loss
(2.6%) below 200 °C and a broader peak in the DTG curve, con-
sistent with loss of both water and ethanol. This is confirmed
by the presence of an additional signal assigned to ethanol in

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Thermograms and EGA-FT-IR of unfunctionalized Stéber silica NPs analysed as received from supplier A: (A, B) 80 nm and (C, D) 100 nm.
The experiments were conducted under argon with a 10 °C min~* temperature gradient.

the FT-IR spectrum. However, there is minimal change in the
profile for mass loss at higher temperatures suggesting that
changes in storage and drying conditions affect primarily the
loss of surface components at <200 °C.

FT-IR spectra recorded above 200 °C show the continuous
release of water across the entire temperature gradient, consist-
ent with previous observations of condensation of hydroxyl
groups.”> A band that matched spectra for CO,
(2400-2350 cm™') was also observed, and its intensity
increased with temperature. The presence of CO, can be
explained by combustion of interior ethanol or ethoxy groups
at higher temperatures of the thermal cycle. Although the
experiments are conducted in an inert argon atmosphere, the
combustion may be due to oxygen present in the system, as
discussed below for polyethyleneglycol functionalized silica. A
strong CO, band in silica samples was also observed by Li
et al. in their recent studies of silica pore-locking mechanisms
and their impact on surface area measurements by gas
adsorption.***> Additional bands at 950 cm™" were observed at
~450 °C for 100 nm and 200 nm silica; this signal is assigned
to residual ammonia, probably trapped in the silica micro-
structure during the synthesis.

In order to assess the variability between silica samples,
multiple batches and sizes from the same producer (supplier A)
were analyzed together with samples from a different supplier
(B) and an in-house prepared silica (C). Samples from B

This journal is © The Royal Society of Chemistry 2019

(Fig. S31) showed loss of surface water (~100 °C) and two well-
resolved components at higher temperature. Unlike samples
from supplier A, the thermograms had similar ratios for the
two peaks at 350 °C and 550 °C for each of the 3 sizes tested.
By contrast the in-house silica (C) showed primarily the lower
temperature component (Fig. S31). Table 1 summarizes the
mass loss assigned to the surface components removed at low
temperature and the mass loss due to hydroxyl condensation
and possible removal of interior components. The data in
Table S1f demonstrate that measurements on a single silica
sample are repeatable with standard deviations ~1-5% for
mass loss at >200 °C. The results in Table 1 demonstrate that
the mass loss at low temperature (<200 °C) assigned to surface
water (or ethanol) varies by a factor of ~4, depending on the
sample drying and storage conditions. The mass loss at higher
temperature (>200 °C) ranges from ~2% to ~7% for the
various samples. The mass loss for supplier A silica appears to
increase with NP size with mass loss of 1.8-2.6% for smaller
diameters (20, 50 nm) and 3.4-6.7% for larger particles (100,
200 nm). By contrast, the materials from the supplier B show
no obvious trend with particle size, and are significantly larger
(~6-7%) than the mass loss from most supplier A silicas.
There are batch-to-batch variations for the same size particles,
independent of the sample history (see entries for supplier A
in Table 1), although these are typically much smaller (<0.6%)
than the variation with size or supplier.

Analyst, 2019, 144, 5589-5599 | 5591
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Table 1 Mass loss observed for non-functionalized Stober silica at low
temperature (<200 °C) and high temperature (>200 °C). Samples were
analyzed as received (dry powder) or after isolation from water suspen-
sion and freeze-drying

Sample, Mass loss (%) Mass loss (%)

n° <200 °C? >200 °C? Sample history
A200nm 4.31 6.71 Dry powder as received
A 120 nm  1.40 2.77 Water, freeze dried

A 100 nm, 2.2+0.9 3.7+£0.2 Dry powder as received
n=4

A80nm  0.69 3.25 Dry powder, vacuum dried
A 80 nm 0.83 3.17 Water, freeze dried
A80nm  3.51 3.60 Dry powder as received
A 50 nm 0.96 2.82 Water, freeze dried
A20nm, 1.49 +0.04 2.1+0.4 Water, freeze dried
n=2

B200nm 4.4 6.8 Dry powder as received
B100 nm 3.89 6.32 Dry powder as received
B50nm  4.59 7.14 Dry powder as received
C108 nm 2.93 4.61 Water, freeze dried

“Sample is listed as supplier and size. The number of different lots of
material (with same sample history) that were tested is listed as “n”
and is 1 if not otherwise noted. ? The standard deviation is provided
for the mass loss when multiple batches were tested. The total mass
loss is the sum of mass loss <200 °C and mass loss >200 °C.

As illustrated in Fig. S2,7 vacuum drying is not sufficient to
remove residual solvent or water and other components contri-
buting to mass loss above 200 °C. Although it is straight-
forward to correct for low temperature mass loss, the signifi-
cant mass loss above 200 °C is problematic for analysis of
functional groups since it varies from sample to sample and
will overlap with the loss of functional group. Different con-
ditions were tested in an attempt to eliminate a larger fraction
of this signal. Fig. S41 indicates that an isothermal drying step
at 160 °C under an argon atmosphere for 16 h eliminated most
of the components lost at <250 °C, but did not affect the mass
loss at higher temperatures.

Silica prepared by the Stober process represents a challen-
ging material for TGA analysis since it undergoes mass loss in
multiple stages. This can be attributed to the synthetic process
which occurs by hydrolysis of tetraethylorthosilicate (TEOS)
precursor followed by condensation to form NP nuclei. Particle
growth can be controlled by the ratio of water, ethanol and
ammonium hydroxide. However, depending on the reaction
rate/conditions, the hydrolysis and condensation of TEOS may
not be complete resulting in a partly cross-linked silica matrix
that contains ethoxy groups in place of oxygen-bridged silicon
atoms. Van Blaaderen et al. found that the content of silicon
fully crosslinked via 4 siloxane bonds varies from 55-85% for
different samples.>® The degree of crosslinking can be even
lower in particles prepared by microemulsion, where 3% of
silicon atoms are bridged by only 2 siloxane bonds. Several
recent reports have concluded that there are micropores (dia-
meter ~1 nm) in Stober silica.>**>?*” These micropores can
presumably trap components from the synthesis such as
water, ethanol and ammonia, the loss of which may overlap
with release of water from the condensation of neighboring
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free hydroxyls. For a specific sample some or all of the above
factors will be convoluted with the mass loss due to the func-
tional group which may have only a minor contribution to the
thermogram.

Quantitative NMR for measuring functional group content

Solution '"H NMR was employed for the quantification of the
total amount of functional group in various silica samples that
were used for TGA analysis. The optimization and the applica-
bility of this method for the quantification of amine functional
groups on silica NPs is described in our previous work.”
Therein we demonstrated that amines can be reliably detected
and quantified by "H qNMR after the complete disintegration
of the silica matrix in basic solution which liberates functional
groups in close to monomeric form. The utility of the qNMR
method has been demonstrated in several other studies.”**?
The dissolution protocol was optimized for other functional
groups including carboxylic acids, thiols, imidazolines and
PEG and for silicas prepared by several methods, as outlined
in the Materials and methods. Quantification using an
internal standard (typically potassium hydrogen phthalate)
requires that the analyte resonances are well-resolved and can
be confidently assigned to the functional group. An example
for quantification of the imidazoline moiety by the silica dis-
solution/qNMR method is shown in Fig. 2 and additional
examples are provided in Fig. S5.1 In the case of PEG '"H NMR
spectra allow the determination of the average molecular
weight of the chain by comparing the integral of ethylene
glycol chain with the integral of terminal -CH3/Si-CH,-.

Functionalized Stober silica NPs

To assess the impact of loss of silica matrix components on
functional group quantification by TGA, functionalized
samples of 20-200 nm diameter NPs were analyzed. Most
samples were modified with 3-aminopropyl siloxanes which is
one of the most frequent treatments for introducing reactive
surface groups and improving dispersibility. In our previous
study, two solution colorimetric assays and solid-state qNMR
and X-ray photoelectron spectroscopy of fluorinated-probe-
labelled silicas were employed to quantify the reactive, surface
accessible amines on silica NPs. The results were compared to
total amine content measured by silica dissolution and gqNMR
in solution.® Representative results for TGA of two aminated
silicas are shown in Fig. 3. The thermograms show loss of
water and ethanol at temperatures <300 °C, as evidenced by
FT-IR signals. Note that all the aminated samples show loss of
ethanol at higher temperatures than the bare samples; this
may correspond to nonhydrolysed ethoxy groups on APTES.
For each sample there is a relatively large mass loss with a
maximum in the differential TGA curve at 530 °C. This corres-
ponds to an additional signal at 2880-3180 cm ™" in the FT-IR
which may be due to amine loss.

Quantification of amine loss requires correction for loss of
components from bare silica. As shown above, the mass loss
above 200 °C varies with sample batch, supplier and particle
size, presumably due to variability in the synthesis process.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Thermograms of amine functionalized NPs: (A) 80 nm SiO,C3NH, (supplier A) with corresponding EGA-FT-IR (B), (C) 100 nm SiO,CsNH, NPs

(supplier A), (D) 200 nm SiO,@C3NH, NPs (supplier B).

Since it is not typically feasible to correct for the bare sample
used for surface functionalization with commercial samples,
we tested whether the average mass loss for the same NP size
from the same supplier could be used as a correction. Table 2
shows the results of quantification of amine groups on silica
NPs by gqNMR and TGA. The TGA results have been obtained
from the total mass loss after subtracting the solvent contri-
bution (typically <~200 °C) and correcting for the mass loss
above 200 °C for a silica sample of the same size. In some
cases the correction for mass loss of bare silica was based on
the average of several batches for that size (see Table 1). The
results for supplier A silica NPs indicate that the amount of
functional group calculated by TGA is 3-4 times higher than
the total amine content measured by qNMR for several

This journal is © The Royal Society of Chemistry 2019

batches of 80 and 100 nm NPs. By contrast, for 20 nm NPs
TGA estimates a ~20% lower amine content than qNMR. The
smaller NPs have the lowest correction for mass loss above
200 °C for bare particles and the highest amine content
(expressed as pumol g~* silica) owing to their high surface to
volume ratio. This may explain why the TGA estimate is similar
to the qNMR value. Note that qNMR is the more reliable
method by virtue of its chemical identification capabilities,
which provide additional confidence in the quantification.

For comparison TGA was used to estimate the functional
group content for a PEGylated silica from supplier A and
several functionalized silicas from supplier B. The qNMR and
TGA estimates are in good agreement for the PEGylated
sample, consistent with the high molecular weight of the

Analyst, 2019, 144, 5589-5599 | 5593
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Table 2 Quantification of silica functional groups by gNMR and TGA
before and after correction for bare non-functionalized NPs of similar
size. Standard deviations for multiple batches of silica are provided for
some gNMR measurements

TGA, TGA,
gqNMR corrected  uncorrected
Sample (umolg™) (umolg™) (wmol g~" (Wt%))
A 100 nm C;NH, 130 262° 948 (5.40%)

A 100 nm C;NH, 180 + 2° 674 1380 (7.98%)

A 100 nm C3NH, 180 £2 686 1415 (8.21%)
A 80 nm C3;NH, 130 £2 592 1190 (6.90%)
A 80 nm C;NH, 127 +£3 345 915 (5.32%)
A 20 nm C3NH, 655 + 3” 545 900 (5.22%)
A 120 nm PEG 121 109 150 (10.99%

B 200 nm C;NH,
B 200 nm C;SH
B 200 nm Cj-imidazoline

267 £ 16 167
402 £1 320
562 +3 386

1340 (7.79%
1230 (9.24%
999 (11.00%

NN

“This value is the mean of two replicates measured to maximum temp-
eratures of 800 °C and 950 °C; the standard deviation for the 2 repli-
cates is =5 pmol g~*. ? From ref. 7.

polymer (733 g mol™"), which means that variations in the cor-
rection have relatively low impact. The agreement between
methods for the 3 silicas from supplier B is less good; TGA
estimates are 20-37% lower than the qNMR values, indicating
that the bare silica correction is an overestimate by contrast to
the results for most supplier A samples. Supplier B silicas have
a high amine content, as much as six times higher than the
estimated monolayer coverage of 92 pmol g~" for NPs with an
average diameter of 200 nm; this estimate is based on the
surface area calculated from the average particle diameter and
a silica density of 1.96 m> ¢”" and assumes 4 aminopropyl
siloxane moieties per nm?” as the closest possible packing of
functional groups on the surface.?® Overall these results indi-
cate that TGA agrees reasonably well with total amine content
measured by gqNMR for samples which have a high molecular
weight functional group or a high amine content such as small
high surface area NPs or NPs with amine multilayers.

The large difference between TGA and JNMR estimates for
80 and 100 nm NPs aminated NPs from supplier A is unlikely
to be accounted for by batch-to-batch variability of the bare
silica used for correction purposes. One possible explanation
for this discrepancy could be differences in the functionali-
zation procedure. It is known that treating surfaces with
APTES can result in disordered layers with potential vertical
polymerization of APTES. Depending on the reaction con-
ditions, the hydrolysis of ethoxy functional groups may be
incomplete, and APTES can be immobilized through only one
or two siloxane bonds. The presence of residual ethoxy groups
on the newly formed amine layer would have considerable
impact on TGA interpretation. For example, the contribution
of one non-hydrolyzed ethoxy group from each immobilized
APTES molecule in the mass loss would decrease the calcu-
lated amine content by 0.56x. However, this cannot account
for the full extent of the discrepancy, indicating that additional
differences in matrix effects must contribute. The presence of
an impurity from the synthesis is one possibility. However, the
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gNMR spectra provide no evidence for impurities, although
ethoxy groups would not be detected in the presence of the
substantial amounts of ethanol that are observed for the silica
NPs. Finally, the surface functionalization process may result
in a larger amount of residual solvent within the silica micro-
structure compared to the initial unfunctionalized material.

One recent study employed TGA and qNMR for quantifi-
cation of surface groups on in-house synthesized silica NPs
and found good agreement between the two methods, after
correcting for mass loss of unfunctionalized particles.*® The
authors stressed the importance of determining the correction
for the batch of bare particles subsequently used for
functionalization. As shown here such an approach is typically
not routinely feasible for commercial materials.

TGA of non-porous silica NPs

Recent studies have provided evidence for a significant level of
porosity for Stober silicas and demonstrated that variations in
washing and drying steps influence the microporous structure,
leading to trapping of solvent and other components.**3>37
Therefore, we examined samples of a commercial non-porous
silica prepared by a modified Stober process that includes a
calcination step; we reasoned that the lower porosity would
reduce the magnitude of the correction for water and other
components. Samples of 30-100 nm diameter silicas from sup-
plier D gave thermograms (Fig. S6t) with a small mass loss
due to solvent at low temperature and a broad mass loss
(1-1.6%) above 200 °C (Table 3) that was approximately a
factor of two lower than that for most of the Stober silicas in
Table 1. This is consistent with a lower porosity for supplier D
silicas which is anticipated to improve the reliability of TGA
measurements of functional group content. Non-porous silicas
with three different functional groups (PEG, C;NH-succinate,
C;1,CO,H) were studied by TGA, as summarized below. These
results illustrate the utility of TGA coupled with FT-IR for iden-
tifying functional groups as well as some of the limitations in
analyzing more complex functional groups and samples with
impurities.

SiO,-PEG. Samples of 30 and 50 nm PEG modified silica
show loss of a small amount of water (<200 °C), followed by a
single large mass loss (500 °C) that can be assigned to the
functional group (Fig. S71). The FT-IR spectrum recorded at
500 °C has signals due to water and CO, that correspond to

Table 3 Mass loss observed in nonfunctionalized non-porous silica
NPs

Mass loss (%)

Sample <200 °C >200 °C
D 30 nm 1.60“ 1.64°

D 50 nm 1.48 1.55

D 75 nm 1.26 1.21

D 100 nm 1.08 1.09

“Standard deviations for 3 replicates are 0.24 and 0.06 for mass loss at
<200 °C and >200 °C, respectively.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Comparison of TGA/qQNMR quantification of PEG, 3-amino-
propylsuccinate and dodecanoic acid modified silica NPs (supplier D).
For the dodecanoic acid modified silica, only the ~300-520 °C region of
the thermogram was assigned to the functional group based on the
FT-IR analysis in Fig. 5. All samples were corrected for mass loss in bare
silica of a similar size

TGA, TGA,
qNMR corrected  uncorrected
Sample (umol g7") (tmol g™)  (umol g7" (Wt%))
D 30 nm PEG 201 +21 230 260 (12.80%)
D 50 nm PEG 121 +4 123 150 (7.37%)
D 37 nm 3-amino-  Amino-succinate: 341“ 406 (7.19%)
propylsuccinate 399 +4
Amine: 174 +5  420° 499 (7.19%)
D 30 nm C;;COOH 210+1 133 521 (3.80%)
D 50 nm C;;COOH 221 + 11 180 752 (4.21%)
D 100 nm C;;COOH 129 +1 120 210 (2.89%)

“Assuming loss of 3-aminopropylsuccinate. ”Assuming loss of a
3:7 mixture of propylamine and 3-aminopropylsuccinate.

loss of the PEG moiety. Quantification of the amount of func-
tional group from the TGA mass loss for 30 and 50 nm PEG-
modified silica (Table 4) gives values that are in good agree-
ment with the estimates from qNMR, as might be anticipated
from the large mass loss. Despite this good agreement, the
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observation of CO, is a potential cause for concern, as the
source of oxygen is not obvious and may have to be taken into
account for quantification purposes. Therefore, the samples
were also analyzed using the same thermal gradient in an air
atmosphere. The thermogram changed significantly with mass
loss occurring at lower temperatures and the appearance of
additional signals in the FT-IR spectra (Fig. S7D1). However,
the total mass loss was almost identical for air and argon
atmospheres (13.07% and 13.19% for air and argon, respect-
ively). This leads to the conclusion that the oxidation occurs
inside the TGA after the initial loss from the sample, probably
within the silica-lined tubing that connects the TGA to the
FT-IR detector. The tubing is maintained at 200 °C, which can
lead to condensation of less volatile components released
above 200 °C, and may provide a reservoir for residual oxygen
from previous analyses, despite the use of argon as the carrier
gas. A similar conclusion was reported in a recent study by Gu
et al. who also observed CO, signals in TGA EGA-FT-IR of silica
performed under an argon atmosphere.*” It should be noted
that only volatile compounds (boiling point <200 °C) will be
detected by EGA-FT-IR.

SiO,C;NH-succinate. An example of the more complex 3D
FT-IR spectra for silica NPs modified with a succinate is shown
in Fig. 4. This commercial sample was prepared from 3-amino-
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Fig. 4 37 nm SiO,CsNH-Succinate NPs: (A) thermogram with corresponding EGA-FT-IR (B), (C) solution *H NMR spectra (internal standard
potassium phthalate at 7.30 ppm). The splitting of aminopropyl resonances suggests partial functionalization with succinate, which can be quantified
from resonance (4). This signal is due to bound succinate and free succinic acid produced by hydrolysis under the dissolution conditions
(0.4 M NaOD). Further details on the spectral interpretation are provided in Fig. S9.1
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propyl functionalized silica by reaction with succinic anhy-
dride to provide an amide terminated with a carboxylic acid
group. The thermogram shows loss of water, followed by a
large mass loss at ~480 °C; FT-IR plots (Fig. 4) show signals
due to CO, and H,O (indicative of combustion) as well as the
presence of compounds containing a carbonyl group. At
higher temperature components that match reference spectra
of unsaturated molecules containing oxygen (Fig. S81) are
observed. These signals indicate that the observed mass loss
of 6.04% (after correction for bare NPs) is consistent with the
structure of the functional group, although it is not possible to
distinguish whether loss of the functional group occurs in one
or two steps.

The comparison to qNMR analysis is not straightforward
for the succinate-modified silica. The 'H NMR spectrum of the
dissolved silica shows a mixture of signals that can be assigned
to the initial primary amine and the amide formed by addition
of succinic anhydride. The signal assignment was confirmed
based on a control reaction of APTES and succinic anhydride
in D,O and 0.4 M NaOD (Fig. S91). NMR quantification of the
two components indicates that the sample contains ~30% of
unreacted primary amines. This is an important consideration
for the interpretation of TGA analysis which depends on the
precise knowledge of the analyte’s molecular weight. Table 4
shows the results of gNMR analysis and the outcomes of two
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different interpretations of the TGA results. If the observed
mass loss (6.04%, after correction for bare silica) is assumed
to correspond to the expected functional group (propylamine
quantitatively modified with a succinate moiety), a functional
group content of 341 pmol g~ is obtained. This is consider-
ably lower than the amount of succinate determined by NMR
(399 pmol g~*). Recalculation using the average MW based on
70% amine modification gives a higher value of 420 pmol g~';
however, this is still lower than the total functional group
content (i.e., primary amine + succinate) of 573 umol g~". This
example illustrates the limitations of TGA for quantification of
samples which have been modified in a two-step process that
leads to a mixture of products.

Si0,C,;COOH. Three sizes of silica NPs functionalized with
dodecanoic acid were examined. The DTG curve in Fig. 5A
shows that the mass loss for the 30 nm NPs occurs at 495 °C
and 570 °C, in addition to a small loss of water at lower temp-
erature. FT-IR indicates that the first peak is an unsaturated
alkyl chain (3100-2700 ecm™" - Fig. S10Af), consistent with loss
of the carboxylic acid functional group. The mass loss at
570 °C corresponds to material with a strong IR band between
1100-1200 cm™'. Similar bands were observed in the FT-IR
spectra of the 50 and 100 nm samples (Fig. S10t); note that
the mass loss at 570 °C varies considerably for the 3 different
samples. The mass loss corresponding to the first peak

A
0.3
100 A(x107?)
98 4 0.0 12
96 - L-03 ’g 10
= = 08
e 944 F-06 X 06
— O
= 924 [Lu3te 1 0.4
90 | & 0.2
I 1000 0.0
88 4
I--1.5
86 T T T T T T T T T T 3000 500
0 100 200 300 400 500 600 700 800 900 334
Wavenumber 4000 Temperature
Temperature (°C) (cmt e
c oy y D
Na+ O« OH
_O/SII/\\/\/\/\W
’ |
O o
3
3
st. 1
Y
_A , | .
6.0 55 35 3.0 2.5 2.0 15 1.0 0.5 00 -60 -80 -100 -120 -140 -160 -180

Chemical Shift (ppm)

Chemical Shift (ppm)

Fig. 5 Characterization of 30 nm C;;COOH modified silica NPs s: (A) thermogram, (B) EGA-FT-IR, (C) solution *H NMR spectra (internal standard
maleic acid at 5.90 ppm), (D) solid state '°F NMR spectra. Note that the 1100-1250 cm™ bands in the FT-IR spectra have maximum intensity at
550 °C and continue to be detected until the end of the temperature gradient. This implies that the released polyfluorinated hydrocarbon condenses
in the transfer line (200 °C) and continues to be released by argon flow despite the lack of further mass loss in the thermogram.
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(495 °C) corresponds well to the amount of functional group
measured by qNMR (Table 4) for both the 50 and 100 nm
silicas, although the TGA estimate based on this peak is ~30%
too low for the 30 nm silica; including the mass loss due to
both peaks would overestimate the functional group content
by as much as a factor of 3 for these 3 samples. This suggests
that the second peak may be an impurity and several experi-
ments were carried out to confirm this hypothesis.

First the TGA was repeated in an air atmosphere which, as
shown above for PEG-functionalized silica, can facilitate com-
bustion of the functional group at lower temperature. This
resulted in loss of the 495 °C component and a new peak at
lower temperature with a similar mass loss, but little or no
change in the position of the 570 °C peak (Fig. S117). The
results at a slower temperature gradient were similar. The
mass loss of the unknown impurity at 570 °C was not altered
in an air atmosphere (Table S2t); however, FT-IR indicated
that it was transformed to CO, implying that the impurity con-
tains carbon and is incorporated inside the silica matrix.

Secondly, the "H NMR spectrum obtained after dissolution
of the dodecanoic-functionalized silica NPs shown in Fig. 5C
matched the anticipated structure of the functional group and
provided no evidence for an impurity. The FT-IR spectra for
the mass loss at 570 °C were similar to fluorinated hydro-
carbons, particularly tetrafluoroethene. Tetrafluoroethene and
its oligomers are known to be thermal decomposition products
of polytetrafluoroethylene.*® Although perfluorinated alkenes
would not be detectable by "H NMR, both '°F and **C solution
NMR failed to provide evidence for such an impurity. However,
the presence of a fluorine-containing component was con-
firmed by '°F solid-state NMR (Fig. 5D). The spectrum shows
weak resonances at —80 ppm and a strong resonance at
—125 ppm, that can be assigned to CF; and CF, groups,
respectively, consistent with the presence of perfluoroalkyl
chains in the sample. Since the solution NMR method requires
solubilization of the silica matrix in basic D,O, the absence of
solution NMR signals can be explained by the hydrophobicity
of polyfluorinated alkenes which are insoluble in water. This
example highlights the importance of a multi-technique
approach for the characterization of commercial nano-
materials. TGA coupled with FT-IR was adequate for functional
group identification and quantification as confirmed by solu-
tion qNMR. However, solid state NMR was required to confirm
the presence and structure of the impurity.

Materials and methods

Materials

Deuterium oxide (99.9%), sodium deuteroxide (10 M in D,0),
3-aminopropyltriethoxyilane (99%, APTES), succinic anhydride
(99%), tetraethyl orthosilicate (TEOS) (99.99%), ammonium
hydroxide solution (28% w/v in water, >99.99%), TraceCERT
maleic acid (99.94% maleic acid mass fraction), and
TraceCERT potassium phthalate monobasic (99.92% mass
fraction) were purchased from Sigma-Aldrich.

This journal is © The Royal Society of Chemistry 2019
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Silica NPs were acquired from three different manufac-
turers: NanoComposix (supplier A), Superior Silica (supplier B)
and Applied Quantum Materials (supplier D). According to the
manufacturer information, samples from supplier A were
modified with silanes after the synthesis of the NP core.
Samples from suppliers B and D were prepared by the Stober
and a modified Stober process that includes a calcination step,
respectively. Samples prepared in house (supplier C) were syn-
thesized by stirring TEOS and ammonium hydroxide in anhy-
drous ethanol for 16 h and were purified by centrifugation and
redispersion in ethanol (3x) and water (1x). Bare silica NPs
were received and stored as dry powders or water dispersions.
Prior to analysis, NPs stored in water dispersions were isolated
by centrifugation and freeze-dried for 16 h. Functionalized
silica NPs were received as dry powders or ethanol dispersions.
Prior to analysis, NPs in ethanol dispersions were washed by
resuspending and centrifugation in deionized water (1x) and
freeze-dried for 16 hours. DiaTEC Reload (Diamed, CA) pipet
tips were used throughout.

Sample preparation for "H qNMR

Samples were prepared according to the procedure described
in our previous study.” Briefly, 3-12 mg of dry silica was dis-
persed in NaOD (0.65 mL, 0.4 M in D,0) in a microcentrifuge
tube (Eppendorf 1.5 mL safe-lock, Fisher Scientific). The
closed microcentrifuge tube was placed in a Ther-Mix heated
mixer (Vitl Life Science Solutions) and shaken at 1200 RPM at
45 °C for 3 hours for samples from supplier A, B and C, and for
16 hours for supplier D samples (which were less easily dis-
persed). The sample was cooled to room temperature and an
exact mass of D,O solution of internal calibrant was added; the
calibrant solution was prepared gravimetrically and an appropri-
ate amount was added to ensure that the ratio of integrals for
unknown to calibrant was between 5 and 0.2. For a sample with
~10 mg of dissolved silica, 0.24-0.26 mg of potassium hydrogen
phthalate was used. The sample was vortexed for 5 s and trans-
ferred to a standard borosilicate NMR tube (5 mm).

Quantitative "H NMR

All experiments were performed at 20 °C (+1 °C) with a Bruker
Avance III 400 MHz spectrometer equipped with a 5 mm BBFO
probe. For each analyte sample, the 90°pulse width was cali-
brated by determining the null signal generated by a 360°
pulse width divided by 4 (in ps). The spin-lattice-relaxation
time (7T;) was measured using an inversion-recovery experi-
ment for each resonance of the analyte and the calibrant (pot-
assium phthalate monobasic or maleic acid), and a delay of at
least 7x the longest relaxation time for the components in the
mixture was used (note: Ty can vary from <1 s in alkyl chains
hydrogens up to 21 s in imidazoline). The maximum value for
the receiver gain was obtained. The "H NMR spectrum was then
recorded using the 90° pulse program with the following para-
meters: 2 dummy transients, 32 transients, and 12 ppm spectral
width with 4 ppm transmitter offset. The acquired FIT spectra
were processed by Fourier transformation and phase- and base-
line-corrected manually by a fifth-order polynomial fit.
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19F solid state NMR

A Bruker 200 MHz Avance solid state NMR spectrometer
equipped with a 3.2 mm Bruker double resonance probehead
and magic-angle spinning at a frequency of 18 kHz were used
for all experiments. Silica NPs (~8 mg) were placed in the
sample rotor. The probe was tuned to the 'F Larmor fre-
quency given by 188.7 MHz prior to every measurement. The
published protocol for *°F solid-state qNMR*® was employed,
specifically metrological traceability was achieved by using 3,5-
bis(trifluoromethyl)benzoic acid (BTFMBA) as external cali-
brant. Furthermore, we employed the ERETIC (Electronic
REference To access In vivo Concentrations) and EASY
(Elimination of Artifacts in NMR Spectroscopy) methods.*""** A
relaxation delay of 20.89 s and a spectral width of 100 kHz were
used for all experiments. We co-added 3328 individual transi-
ents with 4096 complex data points and identical receiver gain.
The 90° pulse was optimized on both the calibrant and analyte
samples which in both cases were found to be 2.8 ps.

TGA experiments

Experiments were conducted using either a NETZSCH Iris
TG209 F1 or a NETZSCH Jupiter STA449 F1 instrument
coupled with a Bruker Tensor 27 FT-IR spectrometer.
Temperature and mass calibrations were done as rec-
ommended by the manufacturer. In a typical experiment,
20-40 mg of powdered sample was loaded to an empty alumi-
num oxide crucible that was pre-treated by annealing in a
natural gas flame for approximately 30 s. The mass of sample
was adjusted to ensure that a total mass loss of at least 1 mg
was obtained. The sample was inserted into the instrument
under 50 mL min~" argon atmosphere (argon protective 25 mL
min~") and left to stabilize the mass for 1 hour; the transfer
line to the FT-IR is also purged with the same flow of argon.
The thermal cycle 25 °C-950 °C (10 °C min~", unless otherwise
specified) was then initiated maintaining the same argon flow.
For FT-IR results the residence time in the transfer line is
~2.5 s. All TGA experiments were run against the correction
for an empty aluminum oxide crucible in argon atmosphere.
Thermograms were processed by first excluding the mass loss
below ~200 °C due to water and/or ethanol. Note that the
temperature at which the first derivative curve reaches a
minimum varied somewhat from sample to sample, depend-
ing on the amount of solvent in the sample. The mass loss
above 200 °C for a sample of similar size from the same sup-
plier was used to correct the observed mass loss in the func-
tional group region. An example of the correction procedure is
provided in Fig. S12.7 The mass loss due to an impurity (where
identified) was excluded from the quantification of the func-
tional group. All mass loss values are expressed as wt%.

Conclusions

The results have shown that the mass loss measured by TGA
for bare silica NPs is variable, and may be as high as 10% in
agreement with previous studies. This introduces significant
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issues in employing TGA as a method to quantify surface
group loading in modified silicas. Although it is relatively easy
to correct for the loss of solvent (typically water or ethanol) at
temperatures below 200 °C, the correction for mass loss at
higher temperatures is more problematic, since it occurs in
the same range as covalently attached functional groups. The
mass loss above 200 °C varies when comparing materials from
different suppliers, and is significantly higher for Stober silica
compared to a less porous alternative prepared by a modified
Stober process. The mass loss from Stober silica can be
assigned to condensation of surface hydroxyl groups as well as
contributions from solvent or other materials (e.g., ammonia
or ethoxy groups) trapped within the microporous structure, as
demonstrated in several recent studies that have shown that
synthetic conditions and aging of the sample have significant
effects on silica microporosity.>**>*” The large mass loss from
the silica matrix and its lack of reproducibility from sample to
sample for Stober silicas make it challenging to use TGA to
estimate functional group content for surface-modified silicas.
Corrections based on mass loss from a similar size NP fre-
quently provide results that agree very poorly with total func-
tional group content measured by qNMR. In principle these
issues may be less problematic for cases where the functional
groups are added by modification of preformed bare silica
which can be used for correction purposes. However, this is
not often feasible for commercial samples. The studies sum-
marized herein demonstrate that the accuracy of TGA quantifi-
cation can be improved in the following cases: (1) the template
bare silica does not show significant mass loss after the
removal of surface associated components (typically <3%, as
for non-porous silicas prepared by a modified Stober process),
and (2) the mass fraction of the functional group is relatively
large, due to either a high total content (e.g., multilayers) or a
high molecular weight (e.g., PEG). For non-porous silica with a
mass loss of 1.5% or less due to water and matrix components,
we estimate that a mass loss of functional group of 1 mg is
adequate for reliable quantification. This corresponds to a
surface loading of ~50 umol for a C;;CO,H functional group.

The FT-IR detection of evolved gas is useful for the identifi-
cation of the species produced during TGA and can help to
identify contaminants. However, the interpretation of 3D FT-IR
spectra requires caution and may require comparison of argon
and air atmosphere. It is noteworthy that combustion may
occur even in argon atmosphere effectively transforming
useful diagnostic signals to CO,. Some of the commercial
samples examined had complex surface chemistry related to
multi-step reactions and contaminants. TGA alone cannot
tackle such challenges and must be coupled with other
methods such FT-IR or NMR.

In conclusion, TGA is well suited as a screening technique
to indicate the presence of coatings or covalent surface modifi-
cation of silica NPs, but accurate quantification may require
other methods. Alternatively, TGA may also be useful for
routine analysis of samples with high loadings where sensi-
tivity is not critical. Although gNMR has advantages for
quantification of total functional group content, this method
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is less generally accessible, particularly in industrial labs, and
is more expensive and time-consuming than TGA. Studies
such as the present comparison are expected to be useful in
providing guidance as to the range of applicability of the
various surface characterization methods.
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