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Stimuli-responsive polymers can switch specific physical properties in response to a change of the
environmental conditions. This behavior offers unique advantages in applications where adaptive
materials are needed. To tune the properties of stimuli-responsive polymers, a detailed understanding of
the relationship between the applied stimulus and changes in molecular structure as well as the
relationship between the latter and macroscopic properties is required, which until now has required
laborious methods. Here, we present a straightforward way to investigate the progressing trigger, the
change of the chemical composition of the polymer and the macroscopic properties simultaneously.
Thereby, the response behavior of the reversible polymer is studied in situ with molecular sensitivity and
spatial as well as temporal resolution utilizing Raman micro-spectroscopy. Combined with two-

dimensional correlation analysis (2DCOS), this method reveals the stimuli-response on a molecular level
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Accepted 2nd June 2023 and determines the sequence of changes and the diffusion rate inside the polymer. Due to the label-free

and non-invasive approach, it is furthermore possible to combine this method with the investigation of

DOI: 10.1039/d35c01455] macroscopic properties revealing the response of the polymer to the external stimulus on both the
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Introduction

Switchable and adaptive polymeric materials, which feature the
unique ability to change their physicochemical properties upon
application of an external stimulus, have gained much interest
over the last few years."> Within this context, different materials
have been designed and synthesized, and their properties have
been studied in detail.® The first applications of these switch-
able materials have already been demonstrated, ranging from
self-healing to shape-memory polymers.*® One major field of
application is the design of switchable surfaces,® which are able
to change their wetting/dewetting behavior by the application of
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molecular and the macroscopic level.

a specific stimulus,” such as temperature,® light irradiation,>™*

or pH-value change.*

Ideally, these substrates can be designed by polymeric mate-
rials featuring a reversible structural unit. The most commonly
applied reversible groups are azobenzenes and spiropyrans,'®***
which can simply be switched by light irradiation. Furthermore,
ferrocene or disulfide containing polymers can be applied for
switching the wettability by reversible redox reaction.*>*

To understand and optimize the molecular properties required
for the desired switching behavior, it would be desirable to directly
monitor the molecular structure of the responsive materials
during the application of the external stimulus, which leads to
a change of the properties of the material.

However, currently in most cases, the change of molecular
structure can only be correlated indirectly via studying the change
of certain properties, e.g., wettability determined by contact angle
measurements.” This technique allows the analysis of the inter-
action of a substrate with water (or oil) over time and during
stimulus application. However, a correlation of the molecular
change and the interaction of the substrate with the water (oil)
droplet is only possible with laborious methods, such as intro-
ducing fluorescent particles into the structure.™

A less complex method to monitor the structural changes
alongside the macroscopic changes in surface properties would
therefore be beneficial in order to optimize such intelligent
substrates further and to understand structure-property

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc01455j&domain=pdf&date_stamp=2023-07-04
http://orcid.org/0000-0002-8652-8812
http://orcid.org/0000-0002-3807-3630
http://orcid.org/0000-0002-6373-6600
http://orcid.org/0000-0003-4257-593X
https://doi.org/10.1039/d3sc01455j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01455j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014026

Open Access Article. Published on 06 June 2023. Downloaded on 12/4/2025 8:26:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

(ii) Eree radical polymerization

inl'n
0”0

(a)

AIBN, DMF

(i) Synthesis of the monomer

70 °C, overnight
OH

(iii) Functionalization of the polymers

N

Jrfn
“"NH, 0”0

Nast4‘ CH2C|2
25 °C, overnight

P1 P3 S
o H™0 NN
NEt, o”\f
HSo  CHCh
+ 25°C _ —
ovemight m/k=12/1 m/k=12/1
[o)

e A
(0] (l)O (0]

NaQSO4' Cchlz P4

‘ AIBN DMF 1/oiok{'(:‘tt)

70 °C, overnight

/\/\NHZ

\ H0 25 °C, overnight NS )
/ \ / I — \
b) D,0 C) — P3+d°AcOD
! AcOD - — d°AcOD

$959698%

0y 0 0y 0 0y0 0y0 0yx0

2

[}

c

8

£

5 T T T T T T T
g 1000 1400 1800 2200
: Wavenumber / cm™

@

N Tos 160s

©

£

S

]

<

Chemical
Reaction Front

Solvent Diffusion
Front (stimulus)

C Contact Angle

I 1 I I I I I

1000 1400 1800

Wavenumber / cm™

\_ AN =

Fig.1 (a) Reaction scheme for the synthesis of (i) 4-formyl phenyl methacrylate (1), (ii) the homopolymer P1 and the copolymer P2 via free radical
polymerization and (iii) the imine bond containing polymers P3 (homopolymer) and P4 (copolymer) via the functionalization with n-butyl amine.
(b) Schematic overview of the design principle of the surface active polymer. Upon application of a stimulus (D,O/AcOD, blue), the imine side-
groups of the polymer (P3/P4, dark-orange) get hydrolyzed to aldehydes (mint green). After the cleavage, solvent (activating mixture) diffuses
further into the polymer, leading to a delay between the chemical reaction front (at the interface) and the solvent diffusion front. (c) FT-Raman
spectra (top, Aexe = 1064 nm) of P3 (bottom, black), P3 with d*-AcOD (blue, middle) and pure d*-AcOD (red, top). Shaded regions indicate the
relevant band areas to monitor the pristine polymer (orange), the hydrolyzed polymer (mint green) and d®-AcOD (blue). Bottom: Raman spectra
(Aexe = 514 nm) of a solid sample of P4 recorded 12.5 um below the surface, 0 (blue) to 160 s (red) after placing a drop of D,O/d*>-AcOD onto the
surface.
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relationships in more detail. We propose Raman micro-
spectroscopy as a powerful tool to monitor the chemical struc-
ture of responsive polymers in situ during stimulus application. It
is important to note that this technique enables us to measure
simultaneously the stimulus progression within the material and
the response of the chemical structure of the polymer, and to
correlate this with the changed properties (¢f Fig. 1b). Raman
spectroscopy is an established tool for the analysis of smart poly-
mers and has been applied, for example, to monitor the structural
changes in electro-responsive,’ shape-memory,” and self-healing
polymers,*?* as well as to monitor chemical processes like diffu-
sion* or dynamic bond opening in polymers in general.* Here, the
opportunity to combine Raman microspectroscopy with two-
dimensional correlation analysis (2DCOS), introduced by Isao
Noda,* makes it possible to mathematically retrieve relationships
between stimulus progression and molecular changes inside the
polymer. This enables the derivation of structure-property rela-
tionships in a straightforward and unbiased manner. Further-
more, Raman spectroscopy offers the distinct advantage that it
directly probes the molecular structure of the sample via its
characteristic molecular vibrations and is thus label-free*® As
a consequence, there is no need for expensive and laborious
modifications of the polymers to enable the observation of struc-
tural changes, which moreover might influence the properties of
the polymer. Furthermore, water does not show strong Raman
signals, due to its highly polar nature and resulting comparatively
low scattering cross-section.””*® Therefore, Raman spectroscopy
can be combined with methods like contact angle measurements
or water-based triggers (e.g:, changes of the pH-value) in
a straightforward manner without significant contribution of the
water to the spectrum.**

Results and discussion
Synthesis of the polymers

In order to synthesize a pH-triggerable polymer, imine bonds were
integrated as side chains into the polymeric structure. These
bonds can be activated by a slight decrease of the pH-value and,
thus, were already utilized for the design of pH-responsive func-
tional materials.** Herein, the imine bonds should be integrated
into the polymer side chain. Therefore, 4-formylphenyl-
methacrylate (1) was synthesized by adopting literature proce-
dures.**** Afterwards, this monomer was utilized in free radical
polymerization resulting in the homopolymer (P1) as well as the
copolymer (P2) utilizing methyl methacrylate (MAA) as the second
monomer (feed ratio of the two monomers: MMA:1 = 1:1). 2,2-
Azobis(2-methylpropionitrile) (AIBN) was utilized as initiator.
Molar masses (M,,) of 26.9 and 35.6 kDa with dispersities of 5.95
and 3.78 were reached respectively. The composition of the
copolymer was determined by "H NMR spectroscopic measure-
ments. The ratio of MMA to 4-formylphenyl-methacrylate was
found to be 1.2 to 1. Since the two synthesized polymers feature the
4-formylphenyl functionality in their side chain, the imine bonds
were simply introduced via the reaction of the aldehyde groups
with n-butyl amine. This functionalization step yielded the imine
containing polymers P3 (homopolymer derived from P1) and P4
(copolymer derived from P2). These polymers were further utilized
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for all investigations. A reaction scheme of the synthesis is pre-
sented in Fig. 1a. Additional information regarding the synthetic
procedure and the characterization is provided in the ESL¥

Raman reference measurements

To investigate the spectroscopic changes in the surface-active
polymer upon activation by pH-change reference experiments,
Fourier transform (FT) Raman spectroscopy at a 1064 nm exci-
tation wavelength was carried out (¢f Fig. 1c, top). An overview
of the bands relevant to this work as well as their assignment
can be found in Table 1.

Due to the FT based detection approach and the use of an
excitation wavelength relatively far in the near infrared region,
FT-Raman is ideally suited to acquire reference spectra free of
fluorescence with very high spectral precision. It can therefore
serve as a gold standard tool to identify artifacts introduced by
fluorescence or other optical effects in the following confocal
Raman microscopy measurements. To acquire the spectra,
powdered polymer P3 was placed in an aluminium pot and
a drop of heavy water/deuterated acetic acid (D,0/d*-AcOD, 9: 1
v/v) was added. Due to the higher atomic mass of deuterium
compared to protium, deuterated species lead to a character-
istic shift of the molecular vibrations involving hydrogen atoms
(C-D/O-D) to lower wavenumbers. This shift is especially
pronounced for the respective stretching vibrations, which are
shifted from over 3000 cm ' to the “silent” region of the spec-
trum (2200-2500 cm ™). In this spectral region, only very few
moieties show vibrational bands, which enables straightfor-
ward separation of the signals arising from the activating
mixture (D,0/d*-AcOD) and the signals of the polymer.

Besides the obvious appearance of the d*-AcOD related
signals in this silent region, adding the activating mixture also
changes the spectral region under 1750 cm™ ' (decreasing the
intensity at 1656 cm ' and increasing the intensity at
1702 cm ™). These bands do not correspond with bands of the
d3-AcOD and must, therefore, stem from changes of the poly-
mer upon addition of the stimulus, ie., the acid. Indeed, the
positions of these bands correspond well to the C=N stretching
vibration of an imine (1656 cm™ '), and the C=O0 stretching
vibration of an aldehyde (1702 cm™"),%” indicating the stimulus-
response of the imine bond by hydrolysing the imine to an
aldehyde. Together with the well separated signals of the d*-
AcOD, this enables orthogonal investigation of the presence of
acetic acid (the stimulus) and the onset of molecular changes
within the polymer (the response).

Table 1 Raman signals relevant to this work and their assignment to
functional groups of the polymer or activation mixture

1

Wavenumber position/cm™ Assignment

1600 y(C=C), aromatic ring; polymer
1656 »(C=N), imine; native polymer
1702 ¥(C=0), imine; hydrolyzed

polymer

2110, 2180, 2250, 2280 »(C-D), d*-AcOD

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01455j

Open Access Article. Published on 06 June 2023. Downloaded on 12/4/2025 8:26:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Raman microscopy

After collecting the reference spectra, the same measurement
principle was transferred to a microscopic setup, enabling
spatially resolved Raman spectroscopy of the polymer film in
order to study the change of the surface properties in correla-
tion with the stimulus progression and the molecular change of
the polymeric structure. For this purpose, a confocal Raman
microscope with an excitation wavelength of 514 nm that ach-
ieves diffraction limited lateral resolution and axial resolutions
in the range of 1 pm was utilized. The reference Raman spectra
collected on the FT-NIR instrument could be reproduced here
using an integration time of 150 s (a comparison of the full
spectra can be found in Fig. S6 in the ESIt). The intrinsically
higher Raman intensity when exciting at 514 nm compared to
1064 nm (ca. 18x due to w* (w: frequency of excitation light)
dependency) furthermore shortens the necessary integration
time for following the stimuli response to 2 s per point,*
making temporally resolved measurements possible. Utilizing
this setup, it should therefore be possible to monitor the
progression of the stimulus (d*-AcOD) and the response of the
polymer in a spatially and temporally resolved manner. To carry
out this investigation, a hot-pressed sample of polymer P4 was
embedded into an epoxy matrix to prevent bending of the
sample due to changes of the molecular structure during
stimulus application. Furthermore, the surface was polished to
ensure surface flatness. This sample was placed under the
Raman microscope and the initial focus was set to the surface
using a 100x/0.8 NA objective. A scan of the surface from 0 to 50
pm depth in 12.5 pm steps was performed. At each depth, two
points laterally separated by 10 pm were recorded with an
integration time of two seconds and subsequently averaged to
minimize lateral variations.

Afterwards, a drop of a 9 : 1 (v/v) mixture of D,0/d*-AcOD was
placed directly on top of the focused points and the scan was
started to afford a spatially and temporally resolved data set.
The right panel of Fig. 1c exemplarily shows a snippet of the
time series recorded 12.5 um below the surface. As determined
via the reference measurements (¢f. Fig. 1c, left), hydrolyzation
of the imine (decreasing the intensity at 1650 cm ™' and
increasing the intensity at 1700 cm™ "), as well as the influx of
the deuterated acetic acid (appearance of bands between 2100
and 2300 cm %) can be seen. Naturally, as the reaction prog-
resses, both the degree of hydrolyzation (response) and the
amount of deuterated species (progressing stimulus) increase
with time. Looking more closely at the traces, the influx of
solvent and the hydrolyzation seem to happen on slightly
different timescales, as hydrolysed polymer bands can be seen
already before acetic acid bands can be detected (first signals at
60 s). This indicates that the reaction mainly happens on the
interface between the activating mixture and the polymer.
Consequently, before switching the polymer, only a minute
amount of the activation mixture (and therefore d*-AcOD) is
present inside the focal volume of the confocal Raman micro-
scope. While this minute amount is large enough to cause
hydrolyzation of the polymer, its concentration stays below the
detection limit of the measurement setup. After the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Left: Integrated band areas of the C=O vibration of the
hydrolyzed polymer P4 (1700-1720 cm™?, blue) and the C-D vibration
of the acetic acid (2100-2200 cm™?, yellow—-red), at depths between
0 and 50 um from O to 400 s after adding a drop of the activation
mixture (D,O/d3-AcOD, 9 : 1 v/v). Right: Contact angle of the droplet
over the same 0 to 400 s time span, corresponding to an increase in
hydrophilicity.

hydrolyzation, the polymer changes from being more hydro-
phobic (caused by the butyl groups of the imine) to being
hydrophilic (free aldehyde), which allows the bulk of the (water-
based) activation mixture to penetrate deeper into the polymer.

Quantification of molecular changes

The areas of the bands corresponding to hydrolyzation (C=0
vibration at 1702 cm ") and the influx of the activation mixture
(C-D vibration at 2110 cm™ ') were integrated for each measure-
ment in order to investigate this behavior in more detail. These
integrated band areas directly relate to the amount of the
respective species present in the focal volume. Plotting of the
integrated values against time and depth therefore illustrates the
progress of both the hydrolyzation reaction (ie. molecular
changes) and the macroscopic progression of the stimulus
(deuterated acetic acid) (¢f Fig. 2, left). For all depths, the
hydrolyzation (blue shading in the figure) happens earlier than
the influx of acid (yellow to red shading), confirming the previ-
ously discussed behavior. Furthermore, it is apparent that the
band area for both the hydrolyzed polymer and the acetic acid
signal does not strictly increase but decreases again after
a certain time. Presumably, this is caused by a slight swelling of
the polymer due to the diffusion of water, which causes optical
distortions in the swollen part and thereby lowers the efficiency
of the Raman signal collection. Swelling in aqueous media is
known in the literature for pure PMMA, and is expected to also be
present in the PMMA based polymers in this study.**** To
confirm this assumption, a swelling experiment was performed
by swelling P3 and P4 in a mixture of water : acetic acid (9: 1, v/v),
which showed a swelling degree of 1310% (P3) and 234% (P4) (for
further information see the ESIt). Additionally, it can be noticed
that the temporal width of the signals broadens with increasing
depth. This behavior is caused by the slightly different time
constants for hydrolyzation and diffusion across the polymer
multiplied by increasing depth. These variations in time
constants are caused on the one hand by the fact that reaction
and diffusion are statistical processes for which the time

Chem. Sci., 2023, 14, 7248-7255 | 7251
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constants only hold true on average, not for a specific sample in
an ensemble, and on the other hand by the slight variations in
polymer composition.

As a method with molecular specificity, Raman spectroscopy
enables the amount of hydrolyzed imines to be monitored over
the activation process.

For this, the band area of the imine was integrated and
compared with the band area of a C-C backbone vibration
(1220 cm '), revealing a constant level during the FT-Raman
reference measurements. By monitoring this ratio with
respect to the ratio between the two bands in a pristine sample
(Amine/Ac_c = 1.63), the hydrolyzation ratio can be calculated.
Here, for all depths a hydrolyzation ratio of 65-81% could be
found before the aforementioned effect of polymer swelling set
in (for calculation details see the ESIf). To further investigate
the changes in the data, we employed two-dimensional corre-
lation analysis (2DCOS), which has been described in detail
elsewhere.??”38 In short, 2DCOS recovers the cross-correlation
function between spectral variables (bands) under the external
perturbation, thereby revealing information about their rela-
tionship (direction and especially order of changes). Since
2DCOS uses a well-defined mathematical approach to get this
information it is less susceptible to subjective interpretation as,
e.g., plotting kinetic traces or difference spectra and can also
deal with more complex response (e.g., not strictly decreasing)
functions that are not easily analyzed visually. 2DCOS is a well-
established method to analyze sets of spectra recorded under
external perturbation (in this case time after addition of the
activation mixture) in general,**** and in the study of smart
polymers in particular.*»** 2DCOS results are usually displayed
in the form of contour plots, that depict the real (synchronous,
@) and imaginary (asynchronous, ¥) parts of the complex
correlation function. These maps visualize if spectral changes
within a data set are correlated (@) and if a phase-shift is present
between the changes (¥), respectively. Rules for interpreting
these maps can be derived from the underlying maths, the so-
called Noda Rules.*®

(1) A positive correlation signal in @ shows that changes at
the respective x and y positions are correlated and they change
in the same direction.

(2) A negative correlation signal in @ shows that changes at
the respective x and y positions are correlated and they change
in different directions.

(3) If the signs of the signals in @ and ¥ are the same for
a combination of spectral positions x and y, the change at x
happens before the change at y.

(4) If the signs of the signals in ¢ and ¥ are different for
a combination of spectral positions x and y, the change at y
happens before the change at x.

A plot with the synchronous (@) and asynchronous (¥) parts
of the 2DCOS at 25 pm depth can be seen in Fig. 3. It can be
derived that the bands of acetic acid (2100-2200 cm ') are
positively correlated (positive signal in @ — 1st Noda Rule,
change in the same direction) with the signal for the hydrolyzed
polymer at 1702 cm ™' and negatively correlated (negative signal
in @ — change in different directions, 2nd Noda Rule) with the
C=N signal of the imine signal in the unhydrolyzed polymer.
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Fig. 3 Synchronous (left) and asynchronous (right) correlation spec-
trum of the layer at z = 25 um in the timeframe between 0 and 400 s
after adding the activation mixture (D,O/d*-AcOD, 9:1 v/v) to P4,

This once again confirms the observation that addition of the
activation mixture causes the polymer to hydrolyze. Further-
more, by combining the signals in ¢ and ¥ the temporal rela-
tionship of the changes to the polymer structure and the influx
of acetic acid can be elucidated.

To interpret the signals in ¥ the 3rd and 4th Noda Rules
must be applied, which state that the change at the respective
wavenumber position plotted on the x-axis happens before the
change at the y-position if the signs of a signal are the same in ¢
and ¥ and vice versa. Since the signs of the signal at (1702,
2110), (1656, 2110) and (1656, 2180) cm ™" are all equal in @ and
Y, it is confirmed that the diffusion of acetic acid always
happens after the polymer has been hydrolyzed. The same plots,
focused on this area of interest for all depths can be found in
the ESI (Fig. S7-S117) showing the same behavior in all depths.
Additionally, in Fig. 3, correlation signals with the aromatic
vibration at 1600 cm™" can be seen, which stand in for generally
observable correlation signals with all polymer bands outside of
the shown wavenumber region. These correlation signals are
caused by the aforementioned swelling of the polymer and
subsequent loss of Raman intensity after the liquid has diffused
into the polymer. As can be seen from the differing signs of all
correlation signals along the (1600, y) cm ™' line in & and ¥
these changes are strictly happening later than the hydro-
lyzation as well as the diffusion of liquid.

The power of 2DCOS to extract small, systematic changes
from a series of spectra could be utilized to directly visualize the
correlation of the aldehyde/imine bonds with the influx of D,O
as well. For this purpose, the O-D stretching vibration located
between 2500 and 2600 cm™ ' could be used. While this band
shows very low Raman intensity, which makes integrating the
band impossible, using 2DCOS it was still possible to find
correlations with the C=0/N stretching bands (cf. Fig. S12-S16
in the ESIT). These maps show similar results as shown in Fig. 3
and S7-S11.7 While the correlation intensities are lower and the
asynchronous correlation is therefore only clearly visible for the
aldehyde C=O0 stretching vibration at 1702 cm™ ', they also
indicate bulk influx of the D,O only after hydrolyzation of the
imine. Together, these 2DCOS observations further support the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Delay times between hydrolyzation of the imine bond and influx of deuterated acetic acid calculated from the phase angle obtained via
2D correlation analysis and the corresponding diffusion rate of the mixture inside the hydrolyzed polymer. For errors with the subscript “Exp” the
standard deviation over the phase angles is below the experimental resolution (4 s), which thus limits the achievable error

Depth 0 um 12.5 pm 25 pum 37.5 um 50 pm
Delay time/s 43 & 4gyp 46 * 4gyp 42 & 4gyp 41 & 4gyp 44 £ 5
Diffusion rate/nm s * 293 =+ 3gyp 270 £ 3gyp 301 £ 3gyp 303 & 3gyp 282 + 3
Diffusion coefficient/10™° em?* s * 18.3 £ 1.4gyp 16.9 £ 1.45p 18.8 + 1.4y 18.9 & 1.4gy 17.6 £ 1.6

“ Correlating molecular behavior to macroscopic properties.

mechanism proposed in the previous section: the hydrolyzation
reaction is mediated by minute amounts of the activation
mixture without significant penetration of the imine-containing
polymer. Only after the opening of the imine bond and
a resulting change in hydrophilicity can the majority of the
mixture penetrate the polymer, leading to the observed lags in
their Raman signals.

Furthermore, recovering the correlation function between two
signals allows for a direct way to measure the delay between the
two processes. The average phase angle between the signals in the
Fourier domain is encoded in the 2DCOS, which directly relates to
the delay between the two signals in the time domain.* Using the
parameters of the Fourier Transform, it is possible to transform
those phase angles back to a value in the time domain, which
reveals delay times between hydrolyzation and influx of acetic acid
ranging from 30 to 55 s (¢f Table 2, for details on the calculation
see the ESIT). There is no increase or decrease of the delay time
with increasing depth, indicating statistical fluctuations around
a constant delay time between hydrolyzation and acetic acid influx.
This delay time is governed by the diffusion rate of the activation
mixture in the switched polymer, which can be calculated as 0.27-
0.3 um s~ from the delay times and spacing of the measurement
points. Consequently, the diffusion coefficients are in the range of
(16.9-18.9) x 10 ° cm® s~ .

Comparing these values to the literature values obtained for
the diffusion of acetic acid in an epoxy resin (rate: 37 nm s~ *)*
and pure PMMA (coefficient: 1.2-3.2 x 10~° cm® s™* depending
on the diffusion model),” these values are roughly an order of
magnitude higher. This fits the expectation, as the diffusion of
a very polar electrolyte is measured and free aldehydes are more
polar compared to the polyether structures present in epoxy
resins as well as the ester moieties in PMMA, thereby under-
pinning the validity of the measurement.

Correlating molecular behavior to macroscopic properties

Contact angle measurements are often utilized as an ‘indirect’
method to study changes on the molecular level via changes in
the wetting behaviour. Consequently, we also investigated the
correlation between changes on the molecular level, the stim-
ulus progression and the macroscopic property change by
simultaneously measuring all parameters, elucidated using
Raman microscopy, and macroscopic changes of the polymer
properties, elucidated by sessile-drop method contact angle
measurements performed on the same polymer over the same
time span (cf. Fig. 2, right). A list of the contact angles can be

© 2023 The Author(s). Published by the Royal Society of Chemistry

found in the ESLf These contact angle measurements show
a steady decrease in contact angle, corresponding to an increase
in hydrophilicity caused by the hydrolyzation of the imine to the
relatively hydrophilic free aldehyde. These results are consistent
with the observed continuous diffusion of the activating
mixture into the polymer, demonstrating that with this method
it is possible to correlate the changes at the molecular level with
the macroscopic changes of a functional polymer.

Conclusion

To conclude, utilizing Raman micro-spectroscopy and 2D corre-
lation analysis, we could, to the best of our knowledge, for the first
time demonstrate a method that delivers spatially resolved
measurements with molecular specificity inside smart polymers.
This method allows not only the investigation of macroscopic
properties, but it also furthermore provides invaluable information
on the molecular moieties responsible for the functionality.
Consequently, this new technique enables the measurement of the
stimulus progression, the change of the molecular structure and
the change of the macroscopic properties simultaneously.
Through the combination of this molecularly resolved method
with methods to investigate the macroscopic properties, e.g
hydrophilicity, it is therefore possible to derive a structure-func-
tion relationship that will allow tuning of the desired properties of
the smart polymer by modifying the structure. For example, in the
present case it was demonstrated that the switching-reaction is
mainly limited to the interface between the activating mixture and
polymer, while the macroscopic influx of the mixture only happens
after the stimuli-response. Therefore, the transport (and the spatial
progression of stimuli-response) is limited by the diffusion rate of
the stimulus (d*-AcOD/D,0) inside the switched phase and there-
fore by its physical properties. This reveals a clear relationship
between the molecular structure (the diffusion coefficient is gov-
erned by the molecular structure of the polymer) and the func-
tionality (the speed of property change).

As a vibrational spectroscopic method, Raman micro-
spectroscopy is broadly applicable to many functional groups
and thus presents a technique transferable to different stimuli-
responsive systems. The technique is in principle only limited
by the acquisition speed and the separability of signals of the
activating species and polymer. The technique applied here,
isotope labelling, is also broadly applicable and in the case of
deuterium labelling usually comparatively easy and cheap to
carry out. Using non-linear Raman techniques or resonance
enhancement, it is furthermore possible to increase the
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acquisition speeds to the order of milliseconds, thus enabling
the use of the same basic technique also for faster processes.

Experimental section

The synthesis of monomer 1 and polymers P1-P4 (c¢f. Fig. 1a)
was adopted from literature procedures.**** Detailed informa-
tion about the synthesis and characterization of the monomer
and polymers is provided in the ESL{

All chemicals were used as received from TCI (Eschborn, Ger-
many), Sigma Aldrich (Darmstadt, Germany), Alfa Aesar (Kandel,
Germany), Thermo Fisher Scientific (Geel, Belgium) and Acros
Organics (Geel, Belgium) if not otherwise stated. All solvents were
dried over a molecular sieve under a nitrogen atmosphere. The
stabilizer in the used liquid monomer methyl methacrylate (MMA)
was removed over a short aluminium oxide (AlOx) column (neutral
AlO,, obtained from Molecula, Darlington, UK).

Nuclear magnetic resonance (NMR) spectra were measured
using a Bruker AC 300 (300 MHz) spectrometer (Billerica, MA,
USA) at 298 K if not stated differently. The chemical shift is
given in parts per million (ppm on 3 scale) related to deuterated
solvent.

Size exclusion chromatography (SEC) measurements were
performed using the following setup: a Shimadzu instrument
with a CBM-20A (system controller), DGU-14A (degasser), LC-
20AD (pump), SIL-20AHT (auto sampler), CTO-10AC vp (oven),
SPD-20A (UV detector), RID-10A (RI detector), PSS SDV guard/
1000 A/1000000 A (5 pm particle size) chloroform/
isopropanol/triethyl-amine [94/2/4] at 1 mL min ' at 40 °C,
and poly(methyl methacrylate) (standard).

Raman-spectroscopic measurements were performed on
a MultiRAM near-infrared Fourier-transform Raman spectrometer
(Bruker Corporation, Billerica, Massachusetts, United States of
America) in the range between 100 and 4000 cm ™" with a spectral
resolution of 4 cm™". The Raman excitation light at 1064 nm was
provided by a Nd:YAG laser (Klastech DeniCAFC-LC-3/40, Dort-
mund, Germany). The laser power was set to 1000 mW at the
sample plane and 128 scans were accumulated for each sample.

Raman microscopy was performed on an alpha300 Raman
microscope (WiTec GmbH, Ulm, Germany) equipped with a 600
line per mm grating. The excitation source was a continuous-
wave diode-pumped solid-state laser (CoboltTM, Solna, Swe-
den) at 514 nm and 30 mW power in the sample plane. Light
was focused onto the sample using a Leica Fluotar long-working
distance objective (100x/0.6 NA). Spectra were recorded in the
wavenumber region between 0 and 4000 cm ™. A depth scan
with 2 x 5 points spread 10 pm laterally and 50 pm axially was
performed using an integration time of 2 s per point (for an
illustration of the measurement scheme, see Fig. S1 in the ESI¥).

All pre-processing of the Raman spectroscopic data and
subsequent analysis, including 2D correlation analysis, were
performed using GNU R, version 4.2.2 with in-house developed
scripts.*® A detailed description of the analysis steps can be
found in the ESL¥

Contact angle measurements were performed on an OCA 30
(DataPhysics, Filderstadt, Germany) using the SCA 20 software
in dynamic tracking mode.
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available on Zenodo at https://doi.org/10.5281/zenodo0.8026026.
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