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Exciting Novel Polyaspartates: Design, Synthesis, and
Photo-Responsive Behavior in Solution and Lyotropic Liquid
Crystalline Phase Upon Irradiation with Visible Light

Rimjhim Hossain and Christina M. Thiele*

Many polypeptides form stable, helical secondary structures enabling the
formation of lyotropic liquid crystalline (LLC) phases. Contrary to the
well-studied polyglutamate, their counterparts based on polyaspartates
exhibit a much lower helix inversion barrier. Therefore, the helix sense is not
solely dictated by the chirality of the amino acid used, but additionally by the
nature and conformation of the polymer sidechain. In this work, polymers
responsive to irradiation with visible light are designed achieving
conformational transitions from helix-to-coil and helix-to-helix. The synthesis
and the application as LLC mesogens of several (co-)polyaspartates bearing
ortho-fluorinated azobenzene (FAB) as a photochromic group are presented.
Many of the obtained polymers undergo changes in their secondary structure
upon E-Z-isomerization of the FAB-containing sidechain. Of special interest
are copolymers that exhibit photo-responsive helix inversion without loss of
their helical secondary structure. These copolymers form stable LLC phases in
helicogenic solvents, where the effect of photo-switching on the macroscopic
behavior is studied by NMR spectroscopy. Especially, the irradiation of the
different LLC phases of the helix inversion polymers displays a change in the
LLC order experienced by the solvent. These peculiar properties are promising
for future applications as photo-responsive alignment media for structure
elucidation in NMR.

1. Introduction

Smart materials are an emerging field in recent research
due to the alteration in their physical and chemical proper-
ties as response to environmental changes.[1,2] This (multi-
)functional nature of smart materials is exploited in many fields
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like optoelectronics,[3,4] bio- and chemo-
sensing,[5] catalysis,[6] biomedical
nanomaterials,[7,8] membranes,[9,10] etc.
The responsiveness can be achieved by ap-
plying various external stimuli such as tem-
perature, mechanical force, magnetic and
electric fields, voltage, additives, changes in
pH and light. Among these stimuli, light is
particularly advantageous due to the easy
applicability (ex situ or in situ), controlled
localized and temporal use, the precise
tunability of light (wavelength, linear- or
circular-polarized, intensity, etc.), and the
non-invasive nature.[11] A widespread strat-
egy to achieve light responsiveness is the
incorporation of molecular switches such as
diarylethenes,[12,13] spiropyranes,[14] donor-
acceptor Stenhouse adducts (DASAs),[15]

and azobenzenes,[16,17] which undergo
reversible structural and conformational
changes. Especially, the reversible E-Z-
isomerization of azobenzene derivatives
resulting in changes in polarity, geometry,
and dipole moment is exploited widely in
material science.[16–18] Among the smart
materials known, polymers stand out as the
choice of polymer architecture (topology,

composition, functionality, secondary structure, etc.) allows tai-
loring of the resulting properties to a specific application.[19,20]

When considering chiral polymers, the helix is a well-known and
sought-after structural motive, among which polypeptides, espe-
cially polyaspartates and polyglutamate have received attention.
The chiral polypeptide backbone can form helical conformations
in solution, creating rod-like segments.[21] For polyglutamates,
the resulting helix sense is solely dictated by the chirality of the
monomer(s) used with high energy barriers for the inversion of
this helix sense. Therefore, poly(l-glutamates) always form right-
handed helices, whereas poly(d-glutamates) form left-handed he-
lices. Contrary to that, poly(l-aspartates) exhibit a unique feature
by forming 𝛼-helical structures with opposing helix sense de-
pending on the nature of the moiety in the sidechain[22] result-
ing from a reduction of the energy barrier for helix inversion.[23]

Sidechain variations such as -methyl, ethyl-, propyl, nitrobenzyl-,
p-chlorobenzyl groups, and several others have substantiated the
dynamic character of polyaspartates (Figure 1).[23–27]

Benzylic residues (benzyl-l-aspartate, BLA) adopt stable left-
handed helices resulting from the favored interaction of the
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Figure 1. Influence of sidechain structure of (co-)polyaspartates on the secondary structure (𝛼L, 𝛼R) and the stimuli-responsive conformational transi-
tions (helix-to-helix, helix-to-coil) in chlorinated solvents shown in previous work[23–27] and this work.

𝛾-carbonyl group with amide groups in the main chain.[28,29]

Introduction of an additional CH2 group as in the phenethyl-
l-aspartate (PLA) leads to 𝛼R-helical screw-sense at low tem-
perature. For PPLA, a helix sense inversion to left-handed
helices takes place when increasing the temperature. This
thermo-responsiveness was studied in dilute solution and liq-
uid crystalline state to elucidate the helix inversion mecha-
nism and sidechain conformational behavior by Abe et al.[30,31]

The response temperature could be modulated for statistical
copolymers comprised of benzyl- and phenethyl-l-aspartates
(PBLA-co-PPLA) by variation of the monomer composition.[32,33]

Thus, polyaspartates seem well-suited to investigate whether
photochromic groups have an impact on their secondary
structure.[34]

For a series of statistical copolyaspartates with 𝛽-benzylic- and
𝛽-(para-phenylazobenzyl)-l-aspartate pALA (PpALA-co-PBLA) in
the sidechain, helix inversion of the polymer occurred as a func-
tion of azobenzene content. For polymers with less than 50 % of
azobenzenes in the sidechain, the 𝛼L helical structure was pre-
served in 1,2-dichloroethane (DCE) as solvent irrespective of the
photo-isomers of the azobenzene being present. For high azoben-
zene contents, however, photo-induced helix-to-helix transitions
in DCE are observed.[35] In addition, the conformational transi-

tions are modulated by varying the composition of the solvent
mixtures such as DCE/hexafluoroisopropanol (HFIP), whereas a
helix-to-helix transition only occurs for high contents of HFIP
(35 %).[36] The choice of solvent or solvent mixture thus has
a major impact on the polymer’s photo-responsive behavior in
solution.[36,37] Ueno et al. also investigated the influence of 𝛽-
(meta-phenylazo)-benzylic (mALA) groups in the sidechain and
found a different conformational behavior for the corresponding
copolyaspartates in DCE. Interestingly, the minor change in sub-
stitution pattern causes the disappearance of helix inversion irre-
spective of the azobenzene content. Solely, a decrease in helicity
could be determined via circular dichroism spectroscopy.[35,38]

Recently our group has conducted studies by incorporating
ortho-fluorinated azobenzenes (FAB) as molecular switches, for
which E-Z-isomerization can be induced with visible light. Com-
pared to the non-fluorinated azobenzenes, the separation of the
n→𝜋* absorption bands of the two photo-isomers is increased,
enabling selective photo-isomerization with high contents of E-
and Z-isomers in each photo-stationary state (PSS). Both isomers
are reported to be stable at ambient temperature (bi-stability)
enabling long-term investigations of each state (interim/photo-
stationary).[39,40] Hirschmann et al. presented a homopolymer
with para-substituted FAB moieties in the sidechain exhibiting
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Scheme 1. Nine-step synthetic procedure with experimental details yielding (co-)polyaspartates (PpFABLAn-co-PBLAm, PpFABLAn-co-PPLAm,
PmFABLAn-co-PBLAm, PmFABLAn-co-PPLAm, with n = 25, 50, 75, m = 25, 50, 75) derived from pFABLA-NCA 9a, mFABLA-NCA 9b, BLA-NCA 10, and
PLA-NCA 11. a) TBDMS-Cl, imidazole, in DCM dry, 0 °C to rt, 16 h; b) 1. HBF4 (50% aq.), 2. NaNO2 in water, 0 °C, 2 h; c) n-BuLi in THF abs., -78
to −20 °C, 1 h; d) in THF abs., -78 °C, e) -78 °C to rt; f) TBAF in THF abs., 0 °C to rt, 2 h, overnight, g) PPh3, NBS in THF abs., 0 °C to rt, 2 h; h)
1.Cu(L-Asp)2*8 H2O, N,N,N“,N”-tetramethylguanidine (TMG), in DMF/water, rt, 1 h, 2. 60 °C, overnight; i) phosgene (2.5 m in toluene), 𝛼-pinene in
THF abs., 50 °C, overnight; j) DMEA in DCM abs./THF abs.

a helix-to-coil transition in dilute solution under irradiation with
visible light. This behavior was also observed to induce macro-
scopic order-to-disorder transformation in the liquid crystalline
state. The lyotropic liquid crystalline (LLC) phases were applied
as photo-responsive alignment media giving access to isotropic
and anisotropic NMR observables from the same sample, which
opened up new avenues in structure elucidation in NMR spec-
troscopy based on residual dipolar couplings (RDC).[41–43] To en-
hance the structural information for a complex analyte, the de-
termination of multiple sets of RDCs is necessary, requiring
different alignment media or switchable alignment media with
various orientations in the liquid crystalline state.[43–46] For this
purpose, we aim for photo-induced order-to-order transitions in
the lyotropic liquid crystalline state based on polyaspartates with
various FAB derivatives as switchable helical scaffolds. Herein,
para-substituted and meta-substituted FAB are incorporated into
polyaspartates to investigate the influence of geometrical changes
in the sidechain. Additionally, alkyl groups such as hexyl- and
dodecyl-substituents improving solubility in common organic
solvents are introduced in para-positions to the azo group. In
addition to the synthesis of homopolymers with varying FAB-
moieties, we show that light-induced conformational transitions
can be accessed by copolymerization of FAB-monomers with
non-photo-switchable comonomers with opposing helical sense

(BLA, PLA) to lower the energy barrier for helix inversion. The in-
fluence of the different comonomer ratios on the conformational
transitions in the resulting polymers is investigated in dilute so-
lutions by CD spectroscopy and lyotropic liquid crystalline state
via 2H NMR spectroscopy.

2. Results and Discussion

2.1. Syntheses

Novel photo-responsive (co-)polyaspartates with para- and meta-
substituted FAB derivatives in the sidechain were synthesized
via a nine-step procedure (Scheme 1). For (co-)polyaspartates
with substituents attached to the FAB-moieties (pFABLA-C6,
pFABLA-C12, pFABLA-Ph) in the sidechain, additional steps
were necessary to synthesize the modified starting material
(for more detail see SI, Supporting Information). Esterifica-
tion with l-aspartic acid to yield esters 8a–e and formation of
N-carboxyanhydrides (NCAs) 9a–e represent essential steps in
the procedure.[47] Finally, ring-opening polymerization of NCAs
leads to the corresponding polypeptides.[48,49]

Following literature-known procedures,[50,51] silyl ethers 2a-b
were synthesized from the corresponding benzylic alcohols1a-b.
Diazonium salt 4 was obtained from amine 3. Compounds 2a-b,
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Table 1. (Co-)polyaspartates with experimental comonomer ratio
[M1]/[M2]exp, number averaged molecular weight Mn;̄, polydispersity
Ð. Targeted comonomer ratios are given as an index in the polymer
designation.

Entry Polymer [M1]/[M2]exp Mn;̄/kg*mol−1a) Ð Batch (RH03-#)

1 PpFABLA – 65.2 1.60 301

2 PpFABLA75-co-PBLA25 79/21 87.6 1.41 204

3 PpFABLA50-co-PBLA50 52/48 126.0 1.37 201

4 PpFABLA25-co-PBLA75 27/73 145.0 1.20 206

5 PpFABLA75-co-PPLA25 80/20 107.9 1.32 205

6 PpFABLA50-co-PPLA50
b) 51/49 121.0 1.39 202

7 PpFABLA50-co-PPLA50 52/48 129.0 1.81 300

8 PpFABLA25-co-PPLA75 24/76 129.9 1.26 207

9 PmFABLA – 14.6 1.28 257B

10 PmFABLA75-co-PBLA25
b) 75/25 40.6 1.37 261

11 PmFABLA50-co-PBLA50 50/50 48.2 1.66 262

12 PmFABLA25-co-PBLA75 30/70 85.7 1.26 263

13 PmFABLA75-co-PPLA25 75/25 50.2 1.22 258

14 PmFABLA50-co-PPLA50 52/48 77.1 1.11 259

15 PmFABLA25-co-PPLA75 26/74 150.1 1.28 260

16 PpFABLA-C6 – 100.8 1.99 275

17 PpFABLA-C6b) – 18.6 1.46 NS02-14

18 PpFABLA-C650-co-PPLA50 53/47 38.4 1.33 293

19 PpFABLA-C12b) – 35.9 1.26 NS02-13

20 PpFABLA-C12 – 14.4 1.20 295

21 PpFABLA-C1250-co-PPLA50 53/47 26.2 1.43 294

22 PpFABLA-Ph50-co-PPLA50 47/53 60.2 9.93 292
a)

SEC samples were irradiated at 405 nm for 10 min each (PSS-E);
b)

Irradiation at
520 nm for 10 min (PSS-Z) was applied to exemplarily show that no significant depen-
dency of the molecular weight distribution on the isomerization state was observed
(for more detail, see SI).

and 4 are applied as building blocks in the following azo-coupling
reaction. Lithiation of ethers 2a-b with n-butyllithium under in-
ert conditions and subsequent coupling with diazonium salt 4
produced para- and meta- substituted FAB-silyl ethers 5a-b.[51]

The p- and m-FAB-benzylic alcohols 6a-b were obtained via a de-
protection procedure using tert-butylammoniumfluoride (TBAF)
according to the literature[50] Subsequent bromination was car-
ried out under mild conditions using N-bromosuccinmide (NBS)
and PPh3 as reagents producing benzylic bromides 7a-b in
high yields.[52] Selective esterification was performed with a
copper-aspartic-acid complex to give respective FAB-modified as-
partates 8a–b following a modified procedure.[47] For the syn-
thesis of the NCAs 9a–e,𝛼-pinene and an excess of phosgene
was applied.[53] As the purity of the synthesized NCA is cru-
cial for the success of polymerization, moisture-free column
chromatography was implemented as the purification method.
Comonomers 10 and 11 were synthesized and purified via
two steps following the literature procedures.[54–56] Finally, the
ring-opening (co-)polymerization was carried out with N, N-
dimethylethanolamine (DMEA) as the initiator.[57,58] The success-
fully synthesized (co-)polyaspartates with their averaged molec-
ular weights and dispersities are given in Table 1. For copoly-
mers, the targeted monomer ratios are given as an index in

the respective polymer designation. Experimentally achieved
monomer ratios [M1]/[M2]exp in copolymers, where M1 refers
to the FAB-NCAs (pFABLA-NCA, mFABLA-NCA, pFABLA-C6-
NCA, pFABLA-C12-NCA, pFABLA-Ph-NCA) and M2 to the non-
photo-switchable NCA (BLA-NCA, PLA-NCA) as the monomer,
were determined via 1H spectra (for more details see SI).

Progress of polymerization was monitored by IR
spectroscopy[59] and complete conversion was reached after
6–23 days, dependent on the relative amount of FAB-monomer
in solution. The increased polymerization time observed for
FAB monomers could arise due to their larger steric demand or
due to the competing interactions of initiators/active chain ends
with nitrogen-containing FAB moieties. Residual impurities,
invisible to the analytical methods employed, would lead to
a termination of active chain ends in polymerization. As the
molecular weight distributions are narrow and monomodal, it is
assumed that the termination of active chain ends is negligible.
In two cases, namely homopolymer PmFABLA (Table 1, entry
9) and copolymer PpFABLA-Ph50-co-PPLA50 (Table 1, entry 22),
polymerizations were terminated at incomplete conversion
after ≈80 days. No PpFABLA-Ph homopolymer could be ob-
tained, presumably due to the causes previously mentioned.
Next, the influence of the sidechain photo-isomerization on the
secondary structure of the obtained polymers is studied via CD
spectroscopy.

2.2. Photo-Switching Behavior in Dilute Solution

To analyze the conformational transitions of the obtained (co-
)polyaspartates qualitatively, CD- and simultaneously acquired
UV/Vis-spectra of dilute solutions in helicogenic organic solvents
such as 1,1,2,2-tetrachlorethane (TCE)[60] and dichloromethane
(DCM)[61] were measured after irradiation at 405 nm (Z→E,
PSS-E) and 520 nm (E→Z, PSS-Z). Characteristic CD bands at
≈225 nm (amide band) were assigned to an 𝛼-helical structure
of polyaspartates according to the literature.[62] The sign of the
n→𝜋* transition at 225 nm correlates to the helix sense, where a
positive sign is interpreted as 𝛼L-helix and a negative sign as 𝛼R-
helix, respectively. These are summarized for the obtained poly-
mers in PSS-E and PSS-Z in Table 2 (full CD spectra are given in
SI). The concomitant measurement of UV-vis spectra confirms
that a photo-stationary state is reached after irradiation. The ob-
tained polymers show absorption bands equivalent to the FAB-
derivatives (full UV-vis spectra are given in SI). In the following,
the findings from CD spectra in TCE as solvent (Table 2, entry
1–22) are discussed first.

The influence of different FAB motifs in the polymer sidechain
was determined by comparing the CD spectra of the synthesized
homopolymers in PSS-E and PSS-Z. After irradiation at 405 nm,
producing PSS-E, a dilute solution of PpFABLA homopolymer
in TCE exhibits a positive CD signal at 225 nm (Table 2, entry
1). Irradiation of the identical sample with 520 nm leads to iso-
merization to PSS-Z resulting in a significant decrease of the CD
band. Photo-isomerization from E→Z of FAB in the sidechain
thus results in an overall decrease of helical content of the poly-
mer backbone.[72] A similar photo-switching behavior is observed
for the homopolymers PpFABLA-C6 (Table 2, entries 16,17) and
PpFABLA-C12 (Table 2, entries 19,20) in TCE with a positive
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Table 2. (Co-)polyaspartates with their helix sense 𝜶X determined from
the CD signal at 225 nm, with x = L, R, or 0, (for cases where the CD
signal is zero at that wavelength, details see text), and “red” indicating re-
duced intensity of the CD signal. CD spectra of dilute polymer solutions
(0.5 wt.% in TCE using customized demountable cuvettes[63] with a path-
length < 0.01 mm; 0.05 wt.% in DCM using commercially available 1 mm
cuvettes) were acquired after irradiation at 405 nm (Z→E, PSS-E) and
520 nm (E→Z, PSS-Z) for 10 min each. Polymers with photo-responsive
helix-to-helix transition (helix inversion) are highlighted in orange.

Entry Polymer Solvent 𝛼X in PSS-Z 𝛼X in PSS-E BatchRH03
-##

1 PpFABLA TCE L (red.) L 301

2 PpFABLA75-co-PBLA25 TCE L L 204

3 PpFABLA50-co-PBLA50 TCE L L 201

4 PpFABLA25-co-PBLA75 TCE L L 206

5 PpFABLA75-co-PPLA25 TCE L (red.) L 205

6 PpFABLA50-co-PPLA50 TCE R L 202

7 PpFABLA50-co-PPLA50 TCE R L 300

8 PpFABLA25-co-PPLA75 TCE R R (red.) 207

9 PmFABLA TCE 0 R 257B

10 PmFABLA75-co-PBLA25 TCE R L 261

11 PmFABLA50-co-PBLA50 TCE 0 L 262

12 PmFABLA25-co-PBLA75 TCE L (red.) L 263

13 PmFABLA75-co-PPLA25 TCE R R 258

14 PmFABLA50-co-PPLA50 TCE R R 259

15 PmFABLA25-co-PPLA75 TCE R R 260

16 PpFABLA-C6 TCE L (red.) L 275

17 PpFABLA-C6 TCE L (red.) L NS02-14

18 PpFABLA-C650-co-PPLA50 TCE R L 293

19 PpFABLA-C12 TCE 0 L NS02-13

20 PpFABLA-C12 TCE L (red.) L 295

21 PpFABLA-C1250-co-PPLA50 TCE R L 294

22 PpFABLA-Ph50-co-PPLA50 TCE R L 292

23 PpFABLA DCM L L 301

24 PpFABLA50-co-PPLA50 DCM L L 300

25 PpFABLA-C6 DCM L L NS02-14

26 PpFABLA-C650-co-PPLA50 DCM L L 293

27 PpFABLA-C12 DCM L L (red.) NS02-13

28 PpFABLA-C1250-co-PPLA50 DCM L (red) L 294

CD signal at 225 nm in PSS-E indicating a 𝛼L helical struc-
ture. In PSS-Z, the amide bands decrease significantly, for the
higher molecular weight PpFABLA-C12 sample (entry 20) even
until complete depletion implying a disordered structure (ran-
dom coil). A potential explanation could be the smaller distance
between the bulky alkyl groups to the helical backbone in PSS-Z
as in PSS-E. This steric effect presumably leads to a (partial or to-
tal) collapse of the helical structure. However, in PSS-E, the alkyl
groups are presumed to be further away from the helix, therefore
the formation of the helical structure is less hindered. In con-
trast to the para-substituted homopolymers, the homopolymer
with the meta-substitution pattern PmFABLA exhibits a strongly
negative amide band in PSS-Z (𝛼R helical structure) and CD =
0 in PSS-E (Table 2, entry 9). Therefore, photo-induced intercon-
version of meta-substituted FAB in the sidechain results in a re-

versible transition from random coil to helix. Interestingly, ad-
ditional CD bands above 250 nm are observed for all homopoly-
mers (see full CD spectra in SI). These indicate either a chiral in-
duction of handedness from the backbone to the azobenzene side
chain[65] or electronic interactions between the photochromes
themselves.[66,67]

To further study the influence of photo-induced sidechain in-
terconversion on the helical backbone, copolymers with FAB-
and non-photo-switchable monomers were synthesized varying
the amounts of azobenzene. For this purpose, literature-known
benzyl-substituted (BLA) and phenethyl-substituted (PLA) moi-
eties are introduced. It is reported that BLA-derived homopoly-
mers exhibit a left-handed helical structure, whereas PLA-
derived homopoly-aspartates adopt right-handed helices at am-
bient temperature.[24,27,29,68] No significant change in secondary
structure is observed for PpFABLA-co-PBLA irrespective of the
azobenzene content upon E-Z-isomerization in the sidechain
(Table 2, entries 2–4). These findings are in line with expec-
tations one can deduct from the respective homopolymers:
PpFABLA in PSS-E and PBLA both adopt a left-handed he-
lix so that a left-handed helix is favored for the copolymers.
Thus, photo-isomerization to PSS-Z leads to a partial loss
of helicity for PpFABLA, whereas the stable helical structure
of PBLA remains unaffected resulting overall in the 𝛼L helix
configuration.

For copolymers comprised of pFABLA- and PLA-residues in
the sidechain favoring opposing helical senses, it becomes ap-
parent that a variation of the azo content leads to different helix
sense of the main chain already in PSS-E (Figure 2, top): The
incorporation of higher amounts of pFABLA units (PpFABLA75-
co-PPLA25, Table 2, entry 5) results in left-handed helicity for the
polymer in both photo-stationary states as the minor component
PLA is overruled. In the case of equal quantities of pFABLA and
PLA moieties (PpFABLA50-co-PPLA50, Table 2, entries 6,7), 𝛼L he-
lices are observed in PSS-E. After irradiation at 520 nm, the left-
handed helical content (originally favored by pFABLA) decreases,
allowing the helix inversion to 𝛼R favored by PLA units. When
an excess of PLA relative to pFABLA is present (PpFABLA25-co-
PPLA75, Table 2, entry 8), a right-handed secondary structure
is dictated by PPLA independent of photo-isomerization of the
azobenzene in the sidechain.

As mFABLA units dictate 𝛼R helices in PSS-E, its combination
with BLA is the most promising for tailoring a helix-to-helix tran-
sition within this series. CD spectra of PmFABLA75-co-PBLA25
(Table 2, entry 10 and Figure 2, bottom) exhibit a negative sig-
nal in PSS-Z indicating a right-handed helical structure. Photo-
isomerization until PSS-E is reached, yields a weaker positive CD
signal, therefore indicating the 𝛼L configuration. The observed
helix inversion is interpreted to be a collapse of 𝛼R-helical struc-
ture from mFABLA units and being overruled by the 𝛼L helicity
from BLA sidechains. Since the magnitude of CD-signal in PSS-E
is lower, it is assumed that both, random coil and 𝛼L helices, are
partially present. Reduction of the relative mFABLA content in
the polymer (PmFABLA50-co-PBLA50, Table 2, entry 11) produces
CD = 0 in PSS-Z, which is interpreted to be either a depletion of
signal due to equal amounts of 𝛼R- and 𝛼L-helices being present
or formation of a disordered random coil (see section on LLC
phases for the resolution of this ambiguity). Decreasing the rel-
ative mFABLA content further (PmFABLA25-co-PBLA75, Table 2,
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Figure 2. CD- and simultaneously acquired UV-vis-spectra of 0.5 wt.% solutions of copolyaspartates in TCE irradiated at 405 nm (PSS-E, solid lines) and
520 nm (PSS-Z, dashed lines) for 10 min each in demountable cuvettes[63] with a pathlength of < 0.1 mm at 23 °C: PpFABLAn-co-PPLAm (top: RH03-205,
−202, −207) and PmFABLAn-co-PBLAm (bottom: RH03-261, −262, −263).

entry 12) shows that photo-isomerization of the sidechain only
has a minor effect on the intensity of the CD signal, but not the
sign, with the helix thus remaining 𝛼L.

These findings show that photo-switchable conformational
transitions such as helix inversion or the collapse of helical struc-
ture can be designed by combining two different moieties dic-
tating opposing helical senses. Moreover, a transition occurs

only for high contents (above 50 %) of the photochromic unit.
PmFABLA-co-PPLA (Table 2, entry 13–15) with different azoben-
zene contents (75 %, 50 %, and 25 %) show no switchability of
the helix as expected from the fact that both moieties favor the
same helix sense (see depicted CD spectra in SI).

Inspired by the success of the helix inversion polymer
PpFABLA50-co-PPLA50, analogous polymers with alkyl groups
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Figure 3. Thermal stability of isotropic polymer solutions in TCE-d2 irradiated at 520 nm (PSS-Z) and 405 nm (PSS-E) at 300 K via series of 19F NMR
spectra (376 MHz): a) helix inversion polymer PpFABLA50-co-PPLA50 (RH03-202), b) helix inversion polymer PmFABLA75-co-PBLA75 (RH03-261).[73]

PpFABLA-C650-co-PPLA50 (Table 2, entry 18) and PpFABLA-
C1250-co-PPLA50 (Table 2, entry 21) as well as PpFABLA-Ph50-co-
PPLA50 (Table 2, entry 22) were synthesized, and investigated for
helix-to-helix transitions (see SI). A similar photo-induced helix
inversion upon irradiation is observed in TCE as solvent for all
three derivates.

Subsequently, the influence of the solvent on the secondary
structure is studied by measuring CD spectra in DCM as sol-
vent (Table 2, entry 23–28). While these copolyaspartates un-
dergo a helix inversion in TCE, they surprisingly form a sta-
ble left-handed helix in both PSS in DCM underlining the cru-
cial effect of the solvent on the secondary structure. Also, the
homopolymers PpFABLA, PpFABLA-C6, and PpFABLA-C12 ex-
hibit an 𝛼L structure irrespective of the photo-isomerization of
the side chain.

After studying the secondary structure upon photo-
isomerization via CD spectroscopy, the two polymers
PpFABLA50-co-PPLA50 and PmFABLA75-co-PBLA25 showing
helix inversion upon irradiation with visible light are exam-
ined concerning the thermal stability of the respective PSS at
ambient temperature (bistability). Thus, E- and Z-isomers of
the various synthesized pFAB and mFAB-derivatives can be
quantitatively differentiated in 19F NMR spectra as signals are
baseline-separated (see SI). For the corresponding polymers
slightly overlapping 19F-signals are observed (see Figure 3,
green: Z-isomer, violet: E-isomer). Characteristic areas for each
isomer were integrated and deconvoluted to give the approxi-

mate composition in each photo-stationary state. High contents
of E-isomer in PSS-E and Z-isomer in PSS-Z were obtained for
both helix inversion polymers as shown in Figure 3.

After ex situ irradiation at 520 nm producing PSS-Z, series
of 19F-NMR-spectra were acquired at 300 K over several hours
without further irradiation in the NMR spectrometer. The
relative contents of E- and Z-isomers are plotted against time
showing no significant change in the composition of PSS-Z. The
procedure was repeated for PSS-E, also demonstrating that no
spontaneous, thermal E-Z-isomerization occurs, rendering both
polymers bi-stable at 300 K. The thermal stability is of particular
importance for the long-term measurements (several hours) in
the lyotropic liquid crystalline state, which will be described in
the following chapter.

2.3. Photo-Responsive Lyotropic Liquid Crystalline Behavior

Due to their rod-like helical structure, polyaspartates are known
to form lyotropic crystalline phases above a system-specific crit-
ical concentration ccrit.

[31] Thus, to find out whether this is also
the case for the (co-)polyaspartates synthesized herein, concen-
trated samples were prepared in TCE-d2 and DCM-d2 as listed in
Table 3. In case of anisotropy, signal splitting of the deuterated
solvent is observed in 2H NMR, known as quadrupolar splitting
Δ𝜈Q.[69] For the investigation of the macroscopic change in the
LLC phase upon photo-switching, anisotropic samples were
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Table 3. LLC phases of (co-)polyaspartates with their respective batch numbers in deuterated solvents with their critical concentration ccrit determined by
dilution and quadrupolar splitting at PSS-Z and PSS-E at concentration cset. No LLC phase with the hompolymer PmFABLA and the copolymer PpFABLA-
Ph50-co-PPLA50 could be prepared. We assume this to be due to low molecular weight of the obtained polymer of PmFABLA and due to insufficient
solubility of the PpFABLA-Ph50-co-PPLA50. Polymers with photo-responsive helix-to-helix transition (helix inversion) in diluted solutions and a change of
quadrupolar splitting in magnitude and sign in LLC phase are highlighted in orange.

Entry Polymer Solvent Ccrit
b)/wt.% Cset /wt.% Δ𝜈Q,PSS-Z/Hz Δ𝜈Q,PSS-E/Hz RH-LLC-## Batch

1 PpFABLA75-co-PBLA25 TCE-d2 15.0 18.2 339 335 08 204

2 PpFABLA50-co-PBLA50 TCE-d2 12.5 14.1 238 330 09 201

3 PpFABLA25-co-PBLA75 TCE-d2 10.5 13.9 369 383 21 206

4 PpFABLA75-co-PPLA25 TCE-d2 15.0 17.6 223 219 06 205

5 PpFABLA50-co-PPLA50 TCE-d2 15.0 19.9 −41 270 17 202

6 PpFABLA25-co-PPLA75 TCE-d2 11.0 11.6 −207 −165 35 207

7 PmFABLA75-co-PBLA25 TCE-d2 19.5 22.1 61 −189 14_2 261

8 PmFABLA50-co-PBLA50 TCE-d2 16.5 17.0 241 366 15 262

9 PmFABLA25-co-PBLA75 TCE-d2 13.0 15.0 253 343 16 263

10 PmFABLA75-co-PPLA25 TCE-d2 18.5 19.1 −190 −29 11 258

11 PmFABLA50-co-PPLA50 TCE-d2 14.0 15.2 −236 52 12 259

12 PmFABLA25-co-PPLA75 TCE-d2 10.5 12.4 −290 −241 13 260

13 PpFABLA TCE-d2 21.0 23.6 0 282 65 301

14 PpFABLA-C6 TCE-d2 14.0 15.7 109 52 26 275

15a) PpFABLA-C12 TCE-d2 n.d. 28.7 ≈240 325 30 295

16 PpFABLA-C650-co-PPLA50 TCE-d2 17.0 24.5 −216 315 27 293

17 PpFABLA-C1250-co-PPLA50 TCE-d2 23.0 26.7 −33 372 28 294

18 PpFABLA DCM-d2 23.0 26.2 85 137 48 301

19 PpFABLA-C6 DCM-d2 33.0 36.6 180 >430 43 NS02-14

20 PpFABLA-C12 DCM-d2 n.d. 25.0 137 >430 49_3 NS02-13

21 PpFABLA-co-PPLA DCM-d2 15.5 16.9 34 94 42 300

22 PpFABLA-C650-co-PPLA50 DCM-d2 21.5 22.8 55 217 52 293

23 PpFABLA-C1250-co-PPLA50 DCM-d2 20.5 31.9 97 293 54 294

n.d = not determined.
a)

For PpFABLA-C12 in TCE-d2 (entry 15), only a partially anisotropic sample could be prepared irrespective of the sample concentration and photo-
isomerization. It is presumed, that the low molecular weight of the polymer does not allow for the formation of a stable LLC-phase in PSS-E. Photo-isomerization from E→Z
leads to an increase of the isotropic signal at the same sample concentration. The quadrupolar splitting is determined from the partially anisotropic state of the LLC phase
for the estimation of the change of quadrupolar splitting upon photoisomerization. Due to insufficient spectral quality, the sign of quadrupolar splitting was assumed to be
positive and not determined via Q.E.COSY spectra;

b)
Critical concentrations are given with an estimated uncertainty of ± 0.5 wt.%.

irradiated ex situ at 405 and 520 nm to interconvert E- and
Z-isomers, respectively. The irradiation series is monitored
by 2H NMR spectroscopy by determining the magnitude of
quadrupolar splitting after each irradiation step (see SI for a
more detailed depiction of 2H NMR series). Photo-stationary
states were determined as the point at which no further change
in quadrupolar splitting was observed upon additional irradi-
ation. The signs of quadrupolar splittings were obtained from
Q.E.COSY experiments.[70] The quantification of isomeric ratios
in anisotropic samples via 19F NMR-spectroscopy was not possi-
ble due to significant signal broadening and overlap (see SI).

A comparison of the quadrupolar splitting in PSS-Z and
PSS-E shows the photo-response within one LLC phase. From
a first glance at Table 3, it is noticed that polymers with a
significant change in backbone conformation also show a sig-
nificant photo-responsive behavior in the LLC phase with large
changes in the size of quadrupolar splitting and changes of the
sign. The photo-responsive LLC behavior of polymers without
significant photo-induced conformational changes in TCE-d2 is
only accompanied by small changes in quadrupolar splitting as
depicted exemplarily for the PpFABLA75-co-PPLA25 in TCE-d2

(Table 3, entry 4) in Figure 4a (for a detailed depiction of 2H NMR
series for all obtained polymers, see SI). The irradiation series
was started by ex situ irradiation with green light (𝜆 = 520 nm)
inducing isomerization from E- to Z-species until a stationary
state was reached, where a quadrupolar splitting of −208 Hz
was obtained in PSS-Z. The PSS-E was produced by irradiation
at 405 nm resulting in a quadrupolar splitting of -165 Hz. This
change only in size but not sign implies that no significant
reorientation of the LLC order experienced by the solvent is
induced by switching between the two photo-stationary states. It
is assumed that the side chain conformation has an influence on
the rigidity of the helix and thus impacts the order of the liquid
crystalline phase, but that no significant reorientation within
the LLC phase is present. Further investigations regarding the
photo-responsive reorientation of the mesogens could be carried
out if deuterated analogs of the polymers were obtained and
studied for their LLC behavior. Then, the quadrupolar splitting
resulting from the deuterated polymer could be investigated,
which would give direct information about the orientation of
the mesogens. This could be correlated with the quadrupolar
splitting of the solvent as shown in our previous work.[33,71]
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Figure 4. Series of 2H NMR spectra (107 MHz, 300 K) of LLC phases in TCE-d2 upon ex situ irradiation at 520 nm (E→Z) and 405 nm (Z→E): a) LLC-06
with PpFABLA75-co-PPLA25, b) LLC-15 with PmFABLA50-co-PBLA50, c) LLC-17 with PpFABLA50-co-PPLA50 and d) LLC-14_2 with PmFABLA75-co-PBLA25.

In general, polymers with non-switchable helicity show a sim-
ilar behavior in the LLC phase, where decreasing helicity in
isotropic solution correlates with decreasing quadrupolar split-
ting in LLC phase, indicating a less ordered liquid crystalline en-
vironment (see Table 3, entries 1–3, 6, 9,10, 12, 14). For the LLC
phase of PmFABLA50-co-PBLA50 in TCE-d2 (Figure 4b, Table 3,
entry 8), the preservation of anisotropy is observed in every mea-
sured state. These findings support the interpretation that the
previously discussed CD = 0 cases in PSS-Z (e.g., Table 2, entry
11) occur due to equal amounts of 𝛼L and 𝛼R helix and not due to
a random coil structure being present.

Compared to these LLC phases based on stable helices, the liq-
uid crystalline behavior of helix inversion polymers PpFABLA50-
co-PPLA50 (Figure 4c, Table 3, entry 5) and PmFABLA75-co-
PBLA25 (Figure 4d, Table 3, entry 7) upon irradiation is more
complex. The LLC phase consisting of PpFABLA50-co-PPLA50
in TCE-d2 (Table 3, entry 5) exhibits a quadrupolar splitting of
−41 Hz in PSS-Z. Subsequently, the Z→E transition is induced
with violet light producing higher contents of the E-species in the
concentrated sample with every irradiation step. Interim states
between both PSS show the evolution of two distinct sets of
signals in the 2H NMR spectra, which are interpreted as dif-
ferent liquid crystalline domains in the sample being present,
which can be rationalized by the different polarity and geometry
of E- and Z-isomers. Therefore, E-Z-isomerization in the poly-
mer sidechain forces the phase morphology to change depen-
dent on the isomeric ratio. Ultimately, the PSS-E is reached af-
ter irradiation with violet light for 239 h in total giving one sig-
nal set with a splitting of +270 Hz. The change in sign of the
quadrupolar splitting is indicative of a significant reorientation of
the solvent in the magnetic field induced by the helix inversion
of the polymer chains. The same procedure was applied to an
anisotropic sample consisting of PmFABLA75-co-PBLA25 in TCE-

d2 (Table 3, entry 7 and Figure 4d) resulting in a similar phase
behavior. Here, the quadrupolar splitting also changes in size
and sign (+61 Hz in PSS-Z and −189 Hz in PSS-E) upon iso-
merization. Again, the observed change in morphology is pro-
posed to result from a reorientation of the solvent and presum-
ably the mesogen. For the interim states, again two sets of signals
are observed, related to the changing LLC order of the domains
being present in the sample. With progressive irradiation the
quadrupolar splitting of the solvent in domains initially present
in PSS-Z decreases until it disappears completely, without going
through a sign change as in the case of the PpFABLA50-co-PPLA50
copolymer discussed above. LLC phases of the other helix inver-
sion polymers PpFABLA-C650-co-PPLA50 (Table 3, entry 16) and
PpFABLA-C1250-co-PPLA50 (Table 3, entry 17) in TCE-d2 show
a similar behavior as PpFABLA50-co-PPLA50. The incorporated
alkyl groups lead to LLC phases with lower viscosity despite very
high polymer concentrations confirming the solubility-imparting
effect.

For the parent homopolymer PpFABLA in PSS-E a stable LLC
phase was prepared, but with progressive irradiation at 520 nm
polymer precipitation was observed indicating a decreased sol-
ubility of the Z-species in TCE (Table 3, entry 13). This leads
to a decreased concentration of polymer in solution such that
an isotropic signal is observed if the concentration drops be-
low the critical concentration. One possible explanation of this
differing result from the literature[58] could be the lower av-
eraged molecular weight for the PpFABLA homopolymer pre-
sented here. In our previous studies, we have shown that the
solubility and the ability to form LLC phases depend strongly
on the obtained molecular weight. Only polymers in a spe-
cific range of molecular weight were able to form LLC phases
for PBLA.[59] It is suggested that a similar behavior could be
present for PpFABLA. The improved solubility for homopolymer

Macromol. Rapid Commun. 2024, 45, 2400513 2400513 (9 of 12) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mrc-journal.de


www.advancedsciencenews.com www.mrc-journal.de

PpFABLA-C6 in both PSS is demonstrated such that the liquid
crystallinity is preserved (Table 3, entry 14). For the PpFABLA-
C12 homopolymer only a partially anisotropic sample could be
prepared in TCE-d2 (Table 3, entry 15), irrespective of the sam-
ple concentration or the photo-isomerization. A comparison of
the isotropic and anisotropic content in the 2H NMR of PSS-
E (≈43 % anisotropic) and PSS-Z (≈20 % anisotropic) shows
that photo-isomerization from E→Z leads to an increase of the
isotropic signal. This observation confirms that the helical con-
tent decreases with photo-isomerization to the Z-isomer. In gen-
eral, we observe the quadrupolar splitting of the anisotropic sig-
nal to decrease upon photo-isomerization from PSS-E to PSS-Z
for the homopolymers with para-substituted FAB moieties in the
sidechain. We believe this to occur due to a decrease in the helical
content of the polymer upon photo-isomerization.

Furthermore, the effect of the solvent on the photo-responsive
liquid crystalline behavior was investigated by exchanging TCE-
d2 for DCM-d2 (see SI). As expected from the chiroptic behavior
in DCM, the para-substituted copolyaspartates (Table 3, entries
21–23) showed only changes in size, but not in signs of quadrupo-
lar splitting. Interestingly, the homopolymer PpFABLA forms a
stable LLC phase in DCM-d2 (Table 3, entry 18) irrespective of E-
Z-isomerization. Only a change in size of the quadrupolar split-
ting is observed. This supports the interpretation that insufficient
solubility of PSS-Z in TCE-d2 causes the isotropic behavior dis-
cussed above. In this context, also PpFABLA-C6 and PpFABLA-
C12 exhibit similar behavior in DCM-d2 (Table 3, entries 19–20).

The LLC-behavior upon photo-switching in DCM-d2 correlates
with the results of CD measurements in DCM as no change of
secondary structure is observed. Therefore, only minor changes
in the liquid crystalline state were expected. These investigations
substantiated, that the photo-responsive secondary structure has
a significant influence on the photo-control in the LLC phase im-
pacting the order and morphology with more drastic changes in
the liquid crystal being observed for systems with larger changes
in secondary structure.

3. Conclusion and Outlook

Novel (co-)polyaspartates with various ortho-fluorinated azoben-
zenes (FABs) in the sidechain were synthesized successfully
using an optimized and easily adaptable synthesis route.
FAB-moieties possess promising properties as both photo-
isomers are thermally stable at ambient temperature and photo-
isomerization can be triggered by visible light. The influence
of photo-induced E-Z-isomerization of FAB moieties on the
conformation of (co-)polymer backbone was investigated in di-
lute solution via CD spectroscopy. Various reversible transitions
(helix-to-random coil and helix inversion) were observed depend-
ing on the composition of the polymer. Incorporation of FAB-
groups via para- and meta-substitution has a large impact on
the polymer conformation in the photo-stationary states (PSS)
for the homopolyaspartates. While para-substitution leads to left-
handed helices in PSS-E and a decrease in helicity in PSS-Z,
meta-substitution results in an 𝛼R-helix-to-coil transition upon E-
Z-isomerization. The combination of sidechains bearing FAB-
groups and non-switchable groups favoring opposing helical
senses enabled the reversible interconversion between left- and
right-handed helices. Additionally, alkyl groups were introduced,

enhancing solubility in concentrated samples. Thermal stabil-
ity of the composition of each PSS was demonstrated exem-
plary for PpFABLA50-co-PPLA50 and PmFABLA75-co-PBLA25 via
19F NMR investigations ensuring reproducible photo-switching
behavior. Most (co-)polyaspartates synthesized allowed the prepa-
ration of lyotropic liquid crystalline (LLC) phases in TCE-d2 and
DCM-d2, which were investigated for their photo-responsivity by
NMR spectroscopy. While in TCE different conformational tran-
sitions can be observed, stable, non-switchable secondary struc-
tures were obtained in DCM as solvent.

Furthermore, from the change in quadrupolar splitting of the
deuterated solvent it is deduced, that polymers with large photo-
responsive conformational changes (e.g., helix-to-helix) in dilute
solution show significant changes in the LLC morphology. This
allows the LLC order to be controlled by irradiation with visi-
ble light inducing E-Z-isomerization of the FAB moieties in the
polymer sidechain. Helix inversion polymers show major photo-
responsive behavior in liquid crystalline state and therefore shall
be exploited as photo-responsive alignment media for structure
elucidation in the future.
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Especially, for polyaspartates in the range of low molecular weights a
dependency of the helix stability is reported. In these cases, the sec-
ondary structure is particularly sensitive to changes in temperature
and solvent composition [64].
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ing is observed. We believe this to be due to the temperature of the
polymer solution during irradiation in the customized boxes probably
deviating from 300 K, as irradiation for a long time leads to heating of
the sample. For the irradiation box with 520 nm, the box temperature
is regulated to 23 °C.
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