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ABSTRACT: Two different mesoporous silica materials (SBA-15 and MCM 41) were impregnated with four different,
commercially available surfactants, namely, Es, PEG 200, C,(E, and Triton X-100. Differential scanning calorimetry was employed
to confirm the confinement of the surfactants in the pores of their host materials. Dynamic nuclear polarization enhanced solid state
C magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were recorded for these materials, showing that both
the direct as well as the indirect polarization transfer pathways are active for the carbons of the polyethylene glycol moieties of the
surfactants. The presence of the indirect polarization pathway implies the presence of molecular motion with correlation times faster
than the inverse Larmor frequency of the observed signals. The intensities of the signals were determined, and an approach based on
relative intensities was employed to ensure comparability throughout the samples. From these data, the interactions of the
surfactants with the pore walls could be determined. Additionally, a model describing the surfactants’ arrangement in the pores was
developed. It was concluded that all carbons of the hydrophilic surfactants, E; and PEG 200, interact with the silica walls in a similar
fashion, leading to similar polarization transfer pathway patterns for all observed signals. For the amphiphilic surfactants C,yE4 and
Triton X-100, the terminal hydroxyl group mediates the majority of the interactions with the pore walls and the polarizing agent.
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1. INTRODUCTION

High-surface materials are of relevance for a plethora of
applications such as chromatography,' support materials for
precious metal catalysts,” adsorbents,” drug-delivery systems,”
and many more.’ All of these systems rely on the interactions
of a liquid phase with a solid interface. In particular,
amorphous, mesoporous silica materials are of interest for
industrial and academic applications since they are relatively
easy to synthesize as well as due to their large surface areas and
the facile functionalization of their surfaces to specific tasks.”°
Hence, silica materials have been found to be the ideal model
systems to probe surface interactions and dynamics at a
molecular level. Especially the class of Santa Barbara
Amorphous’” (SBA) and M41S phases,® such as MCM 41,
have been used to study confinement effects on a number of
guest molecules.””"”

Due to their non-toxicity, surfactants (surface-active agents)
as well as polyethylene glycols (PEGs) play a key role in
establishing green chemistry principles”””" throughout chem-
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ical synthesis including catalysis”> or the production of
polymers™ through the replacement of typical organic
solvents.”* Thanks to their amphiphilic nature, surfactants
are able to form supramolecular aggregates. These aggregates
are typically in the form of micelles in aqueous solution but
may also be of other types such as lamellae, especially at high
surfactant concentration or in the bulk of the neat

25-27
surfactant.

The presence of such aggregates provides
lipophilic spaces in aqueous environments where reactions can

take place.”
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Typically, the interplay of a guest molecule with a solid
surface strongly alters the §uest molecule’s properties due to
solid—liquid-interactions.'>*® These interactions are not well
understood because they are generally difficult to probe at a
molecular level.”” Solid state nuclear magnetic resonance
(ssNMR) has been established as an important tool to
investigate surface chemistry and structural details, both of
which further the understanding of host—guest interactions
and dynamics. By utilizing *H NMR,***>*" T, measure-
ments,”””>* or NMR diffusometry,”* the dynamics of systems
can be uncovered in ssNMR. To overcome sensitivity issues
inherent to ssNMR, dynamic nuclear polarization (DNP) is
usually employed, enhancing signals by several orders of
magnitude.” >’ Recently, new methods enabling the inves-
tigation of molecular motion have been discovered by the
observation of two competing polarization transfer pathways in
solid state DNP NMR.*** In the direct pathway, the
polarization proceeds from the utilized polarizing agent, usually
a radical or a metal ion," directly to the investigated nucleus.
The indirect polarization transfer pathway is facilitated by
"H-X (X = 1C, '*N) cross-relaxation of molecular groups due
to the presence of adequate dynamics for which the nuclear
Overhauser effect type of mechanism is operative.”**’ The two
pathways show opposite signs in the recorded NMR signal,
leading to a superposition of two sets of resonances. This
distinction allows for site-specific probing in crowded spectra
like those obtained from protein samples*”*” or RNA,"® the
investigation of protein—ligand binding,** or the determination
of active dynamics under low-temperature DNP condi-
tions. """

In previous works,*® it has been shown that DNP-enhanced
ssNMR is a suitable method to probe the interactions of guest
molecules with a mesoporous host materials, allowing the
development of models and the description of dynamic
processes inside of the pores. Therefore, the aim of this
work is to apply this methodology in an attempt to understand
how different classes of surfactants interact with a host material
with a hydrophilic surface, namely mesoporous silica, for the
purpose of developing a model of their arrangement in the
pores. Additionally, the influence of pore size on the
confinement is investigated to conclude whether it has a
significant effect on the self-assembly of the surfactants.

In this work, the four different analyte molecules shown in
Figure 1, pentaethylene glycol (Es), PEG 200, as well as the
surfactants decylhexaglycol (C,oEs) and Triton X-100
(Triton), are confined in the pores of two mesoporous silica

HO{/V OLH Ho{/V Oh—|
Es

PEG 200

Tt~

CioEs

%OMLH

Triton X-100

Figure 1. Structures of the surfactants studied in this work. Except for
E;, the surfactants are polydisperse mixtures, and their exact
compositions can be found in a prior report** and are collected in
the Supporting Information in Table S1.

materials with different pore sizes, namely SBA-15 and MCM
41. For simplification, all analyte molecules are further referred
to as surfactants. PEG 200, C,(Es, and Triton are produced at
an industrial scale and are used as polydisperse mixtures.*’
"H - C CP MAS ssNMR spectra are recorded to estimate
an enhancement factor for each sample, employing the
hydrophilic binitroxyl radical AMUPol as polarization
agent.”' To analyze the interactions of the surfactants with
the walls of the mesopores, '>*C MAS DNP-enhanced ssNMR
measurements are performed at different buildup times. The
contribution of the direct and indirect polarization transfer
pathways is analyzed for the carbons located in the PEG
moiety of each surfactant. To achieve comparability for all
investigated samples, an approach based on relative intensities
is employed.*” Finally, differential scanning calorimetry (DSC)
is employed to probe the phase behavior of the different
surfactants while confined in the mesoporous silica materials,
which is compared to those of the AMUPol dissolved in the
bulk surfactants.

2. MATERIALS AND METHODS

2.1. General. All chemicals were used as received. Eg was
purchased from Alfa Aesar. AMUPol was purchased from
CortecNet.”' The utilized polydisperse surfactants PEG 200,
CioEs and Triton were generously donated by Rochester
Midland Corporation. Further details on the mixture
composition of the polydisperse surfactants were published
in a prior report’’ and are collected in the Supporting
Information in Table S1. The chemicals used for the synthesis
of the mesoporous silica materials were purchased from Acros,
Sigma-Aldrich, Carl Roth, and ABCR. All chemicals were used
without further purification unless explicitly mentioned. Details
on all chemicals (including the surfactants) used in this work
are shown in Table S2 in the Supporting Information.

2.2. Synthesis of the Mesoporous Silica Materials.
2.2.1. Synthesis of SBA-15. Mesoporous SBA-15 was
synthesized according to the literature.’”*’ 21.3 g
(0.017 equiv) of Pluronic123 was dissolved in $74.0 mL
(165.0 equiv) of demineralized water overnight. To this
solution, 108.0 mL (6.0 equiv) of 37 wt % hydrochloric acid
was added to yield a concentration of HCI of 1.9 mol L™. The
solution was heated to 40 °C and allowed to equilibrate
overnight. Afterward, 47.9 g (1.0 equiv) of tetraethyl
orthosilicate (TEOS) was slowly added while stirring. Stirring
was continued for 1 h, resulting in a white precipitate. This
suspension was stirred at 40 °C for 24 h and was then
transferred into a polytetrafluoroethylene (PTFE) bottle. The
bottle was stored under static conditions at 90 °C for 48 h.
The obtained white precipitate was washed with demineralized
water twice and with ethanol once by centrifugation. The
leftover template was removed by calcination at 650 °C,
yielding 11.70 g of SBA-15 mesoporous silica.

2.2.2. Synthesis of MCM 41. MCM-41 (C,3) was
synthesized by an o4ptimized protocol based on a protocol
reported previously.”* For this, 14.2 g (36.3 mmol, 0.13 equiv)
trimethyloctadecylammonium bromide (C,3TAB/stearyltrime-
thylammonium bromide) was dissolved in 672 mL deminer-
alized water. The mixture was heated to 35 °C. After that,
58.5 mL ammonia solution (25 wt %) was added and the
solution was stirred for another 1.5 h until everything was fully
dissolved. Afterward, 60.0 g (269 mmol, 1.00 equiv) TEOS
was slowly added. After the addition was complete, the
suspension was stirred for 1 h. This suspension was then
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transferred into a PTFE bottle and aged under static
conditions at 80 °C for 72 h. After ageing, the white
precipitate was filtered off. The porous silica was washed
with demineralized water and the leftover template was
removed by calcination at 650 °C.

2.3. Characterization of the Mesoporous Silica
Materials. 2.3.1. Sample Preparation. The wet samples
were transferred into a glass burette and predried at mild
vacuum (approximately 10 mbar) over night. After predrying,
the samples were dried using a turbomolecular pump
(107° mbar) over night. During all drying steps, the samples
were heated to 80 °C. The dried samples were directly
transferred to the Brunauer—Emmett—Teller (BET) analyzer.
The masses of the dried samples were used for the evaluation
of the adsorption/desorption measurements.

2.3.2. Adsorption—Desorption Measurements. The poros-
ity, pore volume, and specific surface area of the materials were
characterized by nitrogen adsorption at 77 K, employing a
Thermo Fisher Scientific Surfer BET analyzer using N, gas as
adsorbent. The specific surface was obtained by the BET
method®* analyzing the curve in the p/p° range between 0.1
and 0.4. The pore volume was obtained by the Gurvich
method,” the p/ pO value at 0.95 was used. Blank measure-
ments were performed using He gas. Pore size distributions
were obtained by applying the Barrett—Joyner—Halenda
method,*® analyzing the adsorption—desorption isotherms in
the p/p° range between 0.3 and 0.9S. Pore sizes obtained by
nonlocal density functional theory’” (NLDFT) used a model
for N, adsorption on silicon at 77 K. The model for the
adsorption of nitrogen on silica surfaces with cylindrical pore
geometries of the Advanced Data Processing (ADP) software
(V 6.2.4) was used for evaluation. Interpretation of the results
follow our previous reports.”***

2.4. Sample Preparation for DNP NMR and DSC
Experiments. 2 mg (2.75 pmol) of AMUPol was dissolved
into 0.183 mL of the surfactants in small plastic vials to obtain
a concentration of ca. 15 mmol L™". It was necessary to employ
ultrasonication for up to 20 min to achieve complete
dissolution. As it has been shown that ultrasonication might
lead to degradation of the polarizing agents,”” the effective
AMUPol concentrations may have been lower than the
nominal concentration of 15 mmol L™".

In preparation for the impregnation with the surfactants, the
utilized mesoporous silica materials SBA-15 and MCM 41
were dried utilizing a turbomolecular pump at room temper-
ature for at least 24 h. The dried silica was then transferred into
a glovebox to prevent unwanted adsorption of atmospheric
water.

The surfactant solutions were then transferred into aliquots
of the respective silicas to fill approximately 80% of the pore
volume obtained from the adsorption—desorption measure-
ments, and the materials were left in the glovebox overnight to
allow for full absorption of the surfactant solutions. Afterward,
the samples were transferred into a freezer in the glovebox to
prevent any further degradation of the radicals.

2.5. DSC Measurements. For the measurements of the
surfactants confined in the silica materials, approximately 3 mg
of the respective sample was transferred into a S mm aluminum
crucible, which was sealed with an appropriate press by
Netzsch. For the pure surfactant solutions, approximately
20 uL of the sample was used for the DSC measurements.

All DSC measurements were performed on the DSC 214
Polyma apparatus by Netzsch in dynamic mode. Liquid

nitrogen was employed as cooling agent. An empty cubicle
served as reference. A heating/cooling rate of 10 K min™" was
used in the temperature range between 100 and 300 K.

The results and discussion of the DSC measurements are
shown in Section S3 of the Supporting Information.

2.6. DNP-Enhanced '3C Solid State NMR Spectrosco-
pPy. Approximately 10 mg of the respective sample was
transferred into a 3.2 mm sapphire rotor. The rotor was sealed
with a Teflon plug and closed with a ZrO, driving cap.

All DNP ssNMR measurements were conducted on a Bruker
AVANCE III 400 DNP NMR spectrometer operating at 9.4 T
(401.63 MHz for 'H, 100.99 MHz for '*C) at a MAS rate of
8 kHz. A 9.7 T Bruker gyrotron system was used to generate
microwaves (uw) at 263 GHz frequency. The spectrometer is
equipped with a 32 mm low temperature H/X/Y triple
resonance probe that was used in 'H/"™C/Y triple mode
throughout the measurements. Sample temperatures were
nominally 112 and 122 K for data obtained without and with
puw irradiation of the sample, respectively. Heteronuclear
decoupling was performed during data acquisition employing
the SPINAL-64 decoupling sequence.”’

Enhancement factors for '*C were evaluated based on 'H —
BC cross-polarization (CP) MAS experiments. The contact
time in these experiments was set to 2 ms; a ramped pulse was
applied on the 'H-channel. 512 scans with a recycle delay of
4 s were recorded. Nominal values of the enhancement factors
were obtained by scaling the peak maxima of the yw off spectra
to those of the pw on spectra. The errors of the enhancement
factors were estimated by adding the percentage error of the
noise level of both acquired spectra. The corresponding spectra
and enhancement factors are shown in Section S4 of the
Supporting Information.

Saturation recovery experiments were employed to deter-
mine the polarization buildup of the investigated carbon atoms.
These experiments were performed with microwave irradiation
(uw on). A pulse train consisting of twenty 7/2-pulses with a
respective pulse length of 3.5 us and a spacing of S ms between
the pulses was used to initially quench the "*C magnetization.
Buildup times 7, of 16, 32, 64, 128, 250, 500, and 1400 s were
used, recording 64 scans for Triton and 32 scans for all other
surfactant samples.

To selectively address the direct polarization transfer path, a
pulse sequence introduced by the authors in an -earlier
publication was applied.*” In this pulse sequence, the standard
saturation recovery experiment was modified by the addition of
a train of rotor-synchronized z-pulses with a pulse length of 6
s and a pulse spacing of S00 ms on the 'H channel during the
buildup of 3¢ magnetization, which purges the buildup of 'H
magnetization.

The obtained spectra of the direct polarization pathway were
subtracted from the spectra showing the superposition of the
direct and indirect pathways to obtain the spectra only
displaying the indirect polarization pathway. The spectra were
deconvoluted using Lorentzian line shapes to determine
intensities for all signals. The intensities of the signals of
interests, namely the PEG units of the surfactants, were plotted
against the utilized 7, to allow for further analysis.

Additionally, exemplary heteronuclear correlation (HET-
COR) experiments were conducted to verify the data obtained
from the DNP NMR spectra and to confirm the model
developed in this work. The data as well as the experimental
details are shown in Section S7 of the Supporting Information.
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3. RESULTS AND DISCUSSION

3.1. Characterization of the Mesoporous Silica
Materials. To characterize the utilized silica materials and in
order to understand their pore structure, the materials were
inspected by adsorption/desorption experiments utilizing the
BET model for analysis.”* Table 1 summarizes the results of

these measurements.

Table 1. Characterization Results Obtained by the
Adsorption/Desorption Measurements

method/material SBA-15 MCM 41
BET surface area/m* g~ 555 899
pore size (NLDFT)/nm 7.0 4.0
pore volume (Gurvich)/cm® g™! 0.76 0.89
pore surface/m* g~ 534 1040

Unlike MCM 41, SBA-15 usually features micropores in the
form of channels connecting the mesopores.”’ However, the
contribution of these micropores to the total pore volume is
small,” especially for SBA-15 materials with a moderate
surface area, as the one utilized in this study.63 Therefore, the
micropores are not discussed further in this work. The pore
size distribution obtained by NLDFT is shown in Figure S1 in
the Supporting Information.

As the goal of this work was to probe a potential influence of
confinement on the polarization transfer behavior of polarizing
agents dissolved in surfactants, two different pore sizes were
chosen for investigation. To achieve that, SBA-15 and MCM
41 mesoporous silica materials were used. In order to
understand how the surfactants interact with the pore surface,
it is integral to consider the size of these molecules in
comparison to the size of the pore they are confined in. To
evaluate whether the pores could accommodate the guest
molecules, their maximum size is estimated based on their
stretched conformation using a 3D modeling program, namely
Chem3D. The amount of ethylene glycol units considered for
the length estimation for each of the polydisperse surfactants is
based on their composition analysis published previously.*

The shortest surfactant investigated in this work is PEG 200,
with an average of four ethylene glycol units and an
approximate length of 1.6 nm. The other estimated lengths
are 1.9 nm for Eg, 3.5 nm for C,(E; and 4.1 nm for Triton. As
interactions of the surfactants and the pore wall are certainly
taking place, an at least partially perpendicular orientation of
the surfactant molecules on the pore wall is assumed. Hence,
the dimension of relevance for the adsorption of the surfactants
into the pores is the pore diameter. A conceivable lengthwise
adsorption along the pore axis is entropically unfavorable as it
would not represent the structure with the largest cohesive
force.*

A comparison of these estimated lengths to the pore
diameters reveals that all surfactants can be accommodated by
the SBA-15 material in an arbitrary orientation, even in their
longest assumed conformation. As for the MCM 41 porous
material, especially the larger surfactants investigated in this
work, C;oE¢ and Triton with an average of six and nine
ethylene glycol units, respectively, are approximately as long or
longer than the pore diameter. However, as the investigated
surfactants are not rigid molecules, they are expected to coil via
the formation of inter- and intramolecular hydrogen bonds for
the PEG units and van der Waals interactions for the
hydrocarbons, as well as by entropic forces.®>~® This behavior

reduces the effective length of the surfactants to a fraction of
their length in the stretched conformation,®”” therefore
allowing for the absorption into the pores.

For AMUPol, a size of 1.8 nm is estimated with its
polyethylene chain fully stretched. Therefore, the polarizing
agent is significantly smaller than the pores of the utilized silica
materials, enabling the radical to be absorbed into the pores
easily.

3.2. '3C MAS DNP Spectra. Figure 2 shows the 3C MAS
ssNMR spectra obtained for the samples investigated in this
study for a long buildup time of 1400 s where the signal-to-
noise ratio is the highest and, thus, spectral features are best
observable. In Figure 2, each column represents one of the
surfactants, while each row corresponds to one of the two
amorphous silica materials. The spectra for the direct and
indirect pathway, their superposition as well as the spectra
without microwave irradiation (with their respective magnifi-
cation factors for better visibility, if applicable) are displayed.

PEG 200 and E; only display two resonances for all recorded
spectra. The signal at approximately 60 ppm corresponds to
the carbon atoms at the end of the PEG chain, next to the
terminal hydroxyl group. The signal at 70 ppm is attributed to
all other carbon atoms in the PEG chain, as they are not
discernible under the utilized experimental conditions.

For these two surfactants, the resonances assigned to the
direct and indirect polarization transfer pathway are almost of
the same size for the sample confined in SBA-15. Both signals
are evenly enhanced through the direct polarization experi-
ments for both sets of resonances. For the samples confined in
MCM 41, the resonances assigned to the indirect polarization
transfer pathway are predominant, leading to overall negative
signals in the superposition of both polarization transfer
pathways.

C,oE¢ and Triton display additional signals to those caused
by the PEG unit. As can be seen in Figure 1, C;(E4 contains an
aliphatic decyl unit that causes signals between 0 and 40 ppm.
However, these signals overlap severely so that only four
distinct signals are discernible under the present conditions.
For both utilized amorphous silica materials, the resonances
assigned to the indirect polarization transfer pathway of those
carbon atoms are larger than those for the direct polarization
transfer pathway. As indirect polarization transfer is favored on
certain nuclei based on their dynamics or their proximity to the
polarizing agent,>** this implies that these carbons take part
in motional fluctuations with correlation times shorter than the
inverse resonance frequency or that there is a large distance
between them and the AMUPol molecules.”'~”” Aliphatic
chains are lipophilic, therefore hindering interactions with the
hydrophilic AMUPol. Hence, a larger indirect signal is
expected here.

Triton features a tetramethylbutylphenyl moiety in addition
to the PEG units, which causes signals between 0 and 40 ppm
for the aliphatic carbons as well as between 105 and 160 ppm
for the aromatic carbons (see Figure 1).

Due to their poor signal quality, the signals not
corresponding to PEG units were not analyzed and discussed
in this work.

To get more insights into the relation of the polarizing agent
with the investigated confined surfactants, the signals
attributed to the PEG units were deconvoluted, resulting in
the signal intensities for the direct and indirect pathway,
respectively. The signal intensity produced by direct polar-
ization is expressed as percentage of the total signal intensity,
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Figure 2. *C MAS ssNMR spectra acquired in this work at a buildup time of 1400 s. The spectra obtained for the direct and indirect polarization
as well as their superposition are displayed in the first three rows of spectra for each spectra set. Also shown are the spectra measured without pw
irradiation with their respective scaling factors for better visibility. The upper panel shows the spectra obtained for SBA-15, and the lower panel
shows the spectra obtained for MCM 41.

as established in our previous work."> Figure 3 summarizes the
obtained results for all investigated samples, allowing a
comparison of the polarizing behavior of the different samples.

For E; and for PEG 200, similar curves are observed in
Figure 3. Both the carbons at the end of the PEG chain at
60 ppm as well as the carbons in the chain itself at 70 ppm
display approximately 40—60% of direct polarization expressed
as percentage of the total signal intensity. However, the silica

materials in which the surfactants are confined appear to have
significant influence on the polarization transfer pathway. On
average, the Eg and the PEG 200 confined in MCM 41 display
less direct polarization transfer than those confined in SBA-1S.
This indicates the involvement of motions of the PEG units on
a timescale shorter than the inverse resonance frequency or a
larger spatial distance between the carbons of the surfactants
confined in the MCM 41 as compared to those in the SBA-15
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Figure 3. Ratios of signal intensity produced via direct polarization compared to the total signal intensity for the carbons of the PEG unit for all
surfactants confined in the two mesoporous silica materials, SBA-15 and MCM 41.

950 As discussed above, the AMUPol molecule is small
enough to be confined into the pores of the mesoporous MCM
41. Therefore, it is unlikely that the smaller pore size leads to
considerably higher distance between the carbon atoms of the
surfactants and the polarizing agent. It is more likely that the
smaller pore size increases the statistical disorder of the
confined molecules, therefore impeding interactions between
the molecules and allowing for higher mobility of the PEG
chains.

For C,(E¢ and Triton, differences between the carbons at the
end of the PEG moieties and those in the middle of the chain
become apparent. The carbons at the end show a significantly
higher amount of direct polarization than the ones in the
middle of the chain. This might seem counterintuitive, since a
high mobility is expected for these carbons, as observed for
bulk C,(Eq in an earlier report by some of the authors.”" This
high mobility would substantiate ideal conditions for the
indirect polarization transfer pathway, assuming the time scale
of the dynamics is different from the corresponding Larmor
frequencies.””’> However, specific interactions with the
amorphous silica material need to be considered as well. For
Es and PEG 200, it is assumed that the majority of the carbon
atoms interact with the silica materials in a similar manner
since they have very similar properties in terms of hydro-
philicity. Additionally, all carbons are neighboring oxygen
atoms that are able to accept hydrogen bonds. Statistically, any
carbon can point toward the silica surface and the terminal
hydroxyl group could also point inward into the coiled PEG to
form hydrogen bonds.”® The molecules C,oEs and Triton
consist of a hydrophilic moiety (the PEG unit) and a
hydrophobic moiety (the aliphatic carbon chain and the
tetramethylbutylphenyl group, respectively) and are amphi-
philic. The hydrophobic groups cannot interact with the

surface of the silica pores and cannot form hydrogen bonds. It
is, therefore, assumed that these moieties are oriented toward
the pore center, leaving the PEG unit pointing toward the wall
of the pore. Since AMUPol is a hydrophilic radical,®" it is also
assumed that it is concentrated primarily toward the pore wall
where the PEG units of the amphiphilic surfactants are located.
From the data presented in Figure 3, it is assumed that the
terminal hydroxyl group of the amphiphilic surfactants is
responsible for the main interactions with the surface of the
silica pores as it shows a high amount of direct pathway
polarization, indicating low mobility due to the strong
hydrogen bonds and close proximity to the polarizing agent.
The lipophilic part of the surfactants, which cannot fold onto
the hydrophilic PEG units, points toward the pore center, away
from the AMUPol, causing the observed larger amount of
indirect channel polarization.

3.3. Line Width Analysis. To further illustrate the effect of
the confinement on the surfactants as well as to confirm the
results obtained by analyzing the contributions of the direct
and indirect pathways, the full widths at half maximum
(FWHM) of the signals are evaluated. The FWHM of the
investigated signals for all samples at 7, = 1400 s are shown in
Figure 4.

For all observed signals, the indirect pathway resonances
display a smaller line width than the corresponding resonances
assigned to the direct polarization pathway, as shown in Figure
4 and observed in Figure 2. This is in agreement with
observations made in earlier works concerning similar
surfactant systems.”"*”*° The signals of the indirect polar-
ization pathway are caused by the transfer of polarization from
the proton reservoir to the observed carbon nucleus. This
allows for the observation of nuclei farther away from the
polarizing agent, since the polarization can travel through the
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Figure 4. FWMH of the signals caused by direct polarization and
those caused by indirect polarization corresponding to the end group
and the chain carbons of the PEG units of all investigated surfactants
confined in (a) SBA-15 and (b) MCM 41.

whole sample via the proton reservoir. Carbon atoms polarized
by the direct polarization pathway need to be in direct contact
with the radical moiety to be polarized. Hence, the carbons
corresponding to the indirect signal do not experience the
same amount of paramagnetic broadening, leading to narrower
signals.

For Eg and PEG 200, the signals corresponding to the PEG
chain are approximately as broad as or slightly broader than
those corresponding to the end group carbons, indicating a
similar proximity of the end group carbons and the chain
carbons to the polarizing agent.

For the amphiphilic surfactants, C,(E4 and Triton, a different
trend is observable. Despite the signal at 70 ppm
corresponding to more nuclei that all experience a slightly
different environment, the signal assigned to the direct
polarization pathway that corresponds to the end groups is
as broad (for the case of C;oE¢ confined in SBA-15) or
significantly broader than that of the ethylene glycol chain (for
Cy0E¢ confined in MCM 41 and for all confined Triton

samples). Additionally, upon closer inspection of the spectra
displayed in Figure 2, it is apparent that the end group carbons
exhibit substantially less signal than those in the PEG units. As
the end groups have been observed to display more direct than
indirect polarization and are therefore more likely to be closer
to the hydrophilic polarizing agent AMUPol, they are likely to
experience large broadening due to the contact with the
paramagnetic radical moiety, rendering the signal unobservable
in the most severe cases. Unlike the chain carbons, there are no
end group carbons facing away from the polarizing agent that
could contribute to a narrow indirect polarization transfer
pathway signal for Triton. Hence, the broadening translates
into the observed indirect signals corresponding to the end
group carbons, leading to unusually broad signals for the
resonances assigned to the indirect polarization transfer
pathway. This indicates that the polarizing agent highly
localized at the end group carbons. For CEs a strong
broadening of the indirect signal of the end group carbons is
not observed, suggesting a slightly better mixing of the
AMUPOL with the PEG units of the C,,E,.

3.4. Development of a Model for the Surfactant
Arrangement in the Pores. According to the data obtained
by the line width analysis and the determination of the relative
contribution of the direct and indirect polarization pathway, a
schematic representation is developed to show the arrange-
ment of the surfactant in the silica pores. The corresponding
illustration can be found in Figure 5. Here, the silica walls are
displayed in a stylized manner, with the surfactants being
represented in two different arrangements, depending on
whether they are hydro- or amphiphilic.

The hydrophilic surfactants, E¢ and PEG 200, coil and mix
with the hydrophilic polarizing agent AMUPol, forming a
homogeneous mixture. Additionally, each carbon of the two
investigated PEGs has an equal opportunity to be in close
proximity to the silica wall, since each carbon neighbors an
oxygen atom capable of forming hydrogen bonds. Therefore,
no differences in polarization behavior or line width are
observed for the end group carbon atoms compared to the
chain carbon atoms.

For the amphiphilic surfactants, C,jE; and Triton, it has
been shown that the carbon atoms in the end group experience
more direct polarization than those located in the PEG chains.
To explain the larger amount of direct polarization experienced
by the end groups, they have to be located in a close proximity
to the polarizing agent, closer than the rest of the PEG chain
carbons. The dominance of the direct polarization transfer
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Figure S. Schematic illustration of (a) the hydrophilic surfactants (E5 and PEG 200) and (b) the amphiphilic surfactants (C,oE4 and Triton)
oriented in the pores of the mesoporous silica host material. E, represents the PEG units, C,H, represents the lipophilic moiety of the amphiphilic
surfactants and PA represents the polarizing agent AMUPol (not to scale).
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pathway also indicates a lack of dynamics, indicating that the
hydroxyl group at the end of the PEG unit mediates the
interactions of the molecule with the silica walls, forming
hydrogen bonds. In addition, the analysis of the FWHM has
shown a large broadening of the signal of the end groups for
both surfactants that is caused by the interactions of the
carbons with a paramagnetic moiety, namely the radical centers
of the polarizing agent. This further confirms the adjacency of
the polarizing agent and the end group carbon atoms.
Considering the present data, an arrangement of the
amphiphilic surfactants as shown in Figure Sb is highly likely.

Interestingly, this work has shown that the influence of the
pore size on the arrangement of the surfactants in the pore is
negligible. Both systems, those with surfactants confined in
SBA-1S as well as in MCM 41, show very similar patterns of
polarization transfer and line widths.

4. CONCLUSIONS

DNP-enhanced ssNMR of two different classes of surfactants
employing AMUPol as polarization agent was used to
investigate how four commercially available surfactants (E;,
PEG 200, C,oE;, and Triton) interact with two different
mesoporous silica materials, SBA-15 and MCM 41. DSC
measurements were performed to confirm that the surfactants
are indeed confined in the pores of the silica materials and to
observe the changes in their melting and crystallization
behavior while confined.

A previously established relative method was used to
quantify the proportion of directly transferred polarization
expressed as a percentage of the total signal intensity in order
to achieve comparable results across all samples, independent
of radical concentration and amount of sample used.
Employing this method, it could be shown that each of the
carbon atoms in PEG 200 and E; interacts with the silica pore
and the polarizing agent in a similar manner, leading to an even
pattern of polarization transfer across all of them. Both the
terminal carbon atom as well as the atoms in the PEG chain
receive equal amounts of direct polarization.

For C,(E¢ and Triton, the terminal carbon of the PEG chain
receives more direct polarization than the ones in the chain,
indicating that the terminal carbons are less mobile due to the
interactions of the hydroxyl group with the wall of the silica
pores. It also indicates a close proximity of the hydrophilic
AMUPol with the PEG units of the surfactants.

Through the analysis of the signal line widths of the
investigated signals, it could be shown that the signals
corresponding to the end groups of the PEG chains are
broader for the amphiphilic surfactants compared to those of
the hydrophilic surfactants. This indicates a close spatial
proximity of the radical moieties of the polarizing agent to the
end group carbons, leading to paramagnetic broadening and
bleaching of the signal.

Combining the data collected in this work, a model of the
arrangement of the surfactants in the silica mesopores could be
developed, illustrating that the hydrophilic surfactants interact
with the pore surface in a significantly different manner than
the amphiphilic ones.

This work illustrates that the method of measuring direct
polarization DNP-enhanced ssNMR spectra aids in under-
standing the complex interplay of confined molecules with
their host system. Especially, the combination of direct and
indirect polarization with line width analyses allows for the
development of a model of how different classes of surfactants

arrange themselves within the pores of their mesoporous silica
host materials. It also extends the use of a relative method of
spectral analysis of direct and indirect DNP NMR spectra,
enabling the comparison of different samples without having to
account for sample mass or the exact concentration of the
polarizing agent.
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