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16  Abstract. A new self-assembling di-conjugated sophorolipid-(Zn)porphyrin was synthesized with
17  ashort lipid chain length connecting the porphyrin and disaccharide moieties in order to

18 influence the self-assembled state. In dilute solution, circular dichroism measurements of the
19 ordered molecules exhibited Cotton effects indicative of right-handed exciton-coupling; a

20  chirality inversion compared to our previous report on (long-chain) sophorolipid-(Zn)porphyrins
21  that formed a left-handed system. The self-assembly process was investigated by variable-

22  temperature CD. Cooling curve profiles exhibited simultaneous evolution of net helicity and

23 aggregation that corresponds with the cooperative assembly model. Analysis revealed a 3-fold
24 increase in enthalpy of polymerization compared to long-chain species implying that shortening
25  the distance between porphyrin and disaccharide moieties enhance the cooperative self-

26  assembly. The morphology of assembled aggregates was examined by electron microscopy and
27  showed mesoscopic cup-staked structures and nanofibrils.

28
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In many self-organizing biological systems, the assembly process is mediated by a
precise balance of non-covalent interactions involving, for example, rt-it, hydrogen-bonding,
steric and hydrophobicity.r An aim of supramolecular chemistry is to better understand and
harness biological processes to fabricate advanced materials for applications spanning from
drug delivery in modern medicine to novel functional (nano)materials and (opto)electronics.?”’
Considering the latter, multi-chromophoric porphyrin systems show promise as candidates for
next-generation organic electronics because of their efficient light harvesting and n-electron
delocalization that facilitates charge transport.®° A sustainable, biomimetic approach to gain
efficient charge transport in porphyrin systems is to employ non-covalent interactions to drive
self-assembly and control multi-chromophoric ordering—and our chosen approach for
supramolecular polymerization is the biosurfactant sophorolipid. Sophorolipids (SL) were
selected for conjugation to zinc (Zn) porphyrins because: (1) they bring important elements of
natural self-assembly (hydrogen-bonding, steric and hydrophobic interactions),1° (2) they are
efficiency prepared (>250 g/L) by yeast fermentation and scalable,'! all while (3) providing a
tunable structure via facile chemo-enzymatic transformations!? that permits us to map out the
balance of non-covalent interactions.

In our recent report on the synthesis!® and self-assembly* of di-conjugated SL-
(Zn)porphyrin in dilute solution, it was found that hydrogen bond-bearing compounds
polymerize into supramolecular structures having excess left-handed helical exciton-coupled J-
type aggregates. We explored a number of SL-functionalized porphyrin compounds with
differing structural features to tune the delicate non-covalent interactions that dictate the self-

organization; namely, r-it stacking, hydrogen-bonding, steric and hydrophobicity. In this
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communication, we report the synthesis and self-assembly behavior of a new SL-(Zn)porphyrin
di-conjugate with a shortened hydrocarbon chain linker-length between the porphyrin core and
peripheral disaccharide (2C, Fig. 1). Upon linker-length shortening (17 to 10 carbons) we found:
(1) a chirality inversion of helical J-type exciton-coupled aggregates, and (2) a cooperative

assembly enhancement with increased propensity to form a right-handed system.

Fig. 1. Di-conjugated SL-(Zn)porphyrin short-chain compound (2C). In the dotted box, long-
chain companion (1C). Details of synthetic methods for 2C are given in the ESIT.

Control of chromophore-based chiral supramolecular structures in self-assembling
systems have been demonstrated in sugar-substituted perylenediimide systems by variation of
sugar stereochemistry,!> solvent polarities,'® spacer in perylene bisimide-carbohydrate
conjugates,!” and linker dependent control in porphryin-peptide conjugates.’® From the
perspective of biosurfactant amphiphilic systems, the chirality inversion phenomenon has only
recently been observed in sorbitol-alkylamine by changing the hydrocarbon-chain linker length,
which was attributed to twisting of the headgroup.’® However, to the best of our knowledge,
our team is the first to report chiral inversion with a sophorolipid-appended chromophore

system.
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We hypothesized that, by bringing the hydrogen-bonding disaccharide moiety closer to
the porphyrin core the interactions between neighboring disaccharides of self-assembling SL-
(Zn)Porphyrin conjugates may be amplified. In that, substantial changes in the conformation
and orientation of SL-(Zn)Porphyrin conjugates will be required to achieve favorable energetics
that drive self-assembly relative to its long-chain SL-(Zn)Porphyrin conjugate analogues (1C, Fig.
1).2021 We synthesized short-chain sophorolipid analogues from lactonic sophorolipid (LSL) by
following previously published synthetic methods reported by our group as shown in Fig. 1.2%23
Details of synthetic methods along with structural analysis (*H NMR, 3C NMR, HRMS, melting
point) of products are given in the ESIt.

We reported compound 1C (long-chain) self-assembles into helical J-type exciton-
coupled aggregates with preferential left-handed screw sense in dilute MeOH:water (1:1 v/v,
3.0 x 10® m).1* Herein, after the synthesis of 2C (short-chain), spectroscopic CD, UV/vis
absorption and emission studies were performed under the same experimental conditions as
that for 1C. Interestingly, the CD spectrum of 2C showed an inverted chiroptic response
compared to 1C (Fig. 2a). That is, the CD spectrum of 2C exhibited a trisignate +/-/+ Cotton
effect (CE) signature with CE maxima at 442 nm (15 mdeg), 433 nm (-54 mdeg) and 421 nm (54
mdeg), respectively. In contrast, 1C exhibited a -/+/- signature with CE maxima at 442 nm (-51
mdeg), 434 nm (62 mdeg) and 422 nm (-15 mdeg), respectively. Experimentally, CD represents
the differential absorption between left- and right-handed circular polarized light (A€ = €, - &)
and a spectral inversion about CD=0 arises from opposite handed chiral exciton coupling
corresponding to an opposite helical screw sense.?* Comparatively, the CE signature between

2C (+/-/+) and 1C (-/+/-) indicates chiral inversion from left-handed (1C) to a right-handed (2C)
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system of J-type excitonically-coupled porphyrin chromophores. In addition to the spectral
inversion, there appears to be a CE amplitude interchange between the first and third CEs
compared to 1C. We postulate this amplitude interchange arises from competition between
nucleation of left- (M-type) and right-handed (P-type) aggregates and the differing propensities

between the long- and short-chain compounds.
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Fig. 2. Room temperature (a) CD and (b) UV/vis absorption measurements of compounds 2C
and 1C in MeOH:water (1:1 vol. at 3.0 x 107 M).

The UV/vis absorption of compound 2C was measured within the Soret region (Fig. 2b).
The spectral lineshape exhibits a diminished optical density accompanied by the emergence of
a split, red-shifted Soret band. Extinction maxima occur at 424 and 439 nm corresponding to an
energy separation of about 800 cm™. In our earlier work,'3'* we observed a similar response
with compound 1C (long-chain) and attributed the spectral lineshape change to the formation
of slipped, co-facial J-type porphyrin aggregates. The presence of J-aggregates were further
confirmed by photoluminescence measurements in MeOH and MeOH:water (Fig. S1, ESIt).
Spectroscopic measurements of 2C were also recorded in different MeOH/water-content
mixtures (25%, 50%, and 75% water content) and showed optimal exciton coupling ina 1:1
MeOH:water 50% water content mixture (Fig. S2, ESIT), which is consistent with our previous
reports on compound 1C.1314 |n addition, UV/vis and CD measurements in MeOH showed a CD-

silent response accompanied by UV/vis absorption features consistent with non-interacting
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porphyrin chromophores in solvent (Fig. S3, ESIT),2>26 indicating a monomeric (fully dissolved)
state.

Temperature interval UV/vis (Fig. 3a) and CD (Fig. 3b) spectral scans were performed by
slow cooling a dilute solution from elevated temperatures. At 50 °C, the UV/vis Soret region of
2C returned to a single absorption band located at 422 nm, a 1 nm red-shift compared to the
monomeric state in MeOH (Fig. S3, ESIT). Upon slow cooling, the red-shifted J-aggregate UV/vis
band emerges near 439 nm, meanwhile the high energy band near 422 nm subsides (Fig. 3a).
Concurrently, the CD scans (Fig. 3b) show CE band growth to maximum values of 71 mdeg (422
nm), -79 mdeg (432 nm) and 22 mdeg (441 nm) from an optically inactive (CD=0) state at 50 °C.
The temperature interval spectral trends presented here suggest a thermally active equilibrium
polymeric system,?” much like its long-chain analogue 1C.1* To elucidate the thermally active
self-assembly process, temperature-dependent cooling curves were recorded by monitoring
the spectral band evolution at fixed wavelength. Per our earlier work,'* Ayrope = 442 nm was
chosen such that both CD and UV/vis band evolution can be monitored simultaneously. Upon
data normalization to unity (see ESIt), the CD and UV/vis cooling curves represent the system's

net helicity and degree of aggregation, respectively, as a function of temperature.

Page 6 of 13
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Fig. 3. Variable-temperature measurements for 2C at 3.0 x 107® M recorded in MeOH:water
(1:1 v/v). (a) UV/vis and (b) CD temperature interval (5 °C) scans while slow cooling (2 °C min)
from 50 °C with 2-minute settling time. (c) Normalized degree of aggregation (UV/vis) and net
helicity (CD) profile of 2C during slow cooling (1 °C min't) monitored at 442 nm. (d) Normalized
degree of aggregation (UV/vis) curve profile of 2C and 1C as a function of reduced temperature,
(T-Te)/Te, highlighting the cooperative polymerization enhancement monitored at 442 nm.

Plots for 2C of net helicity (CD) and degree of aggregation (UV/vis) vs temperature (Fig.
3c) exhibit exponential trends (non-sigmoidal) that are superimposable, indicating similar
nucleation-elongation (cooperative) self-assembly.?82° This result is in sharp contrast to our
earlier work with 1C (long-chain), where we observed that aggregation (UV/vis) and
preferential formation of one helical sense (CD) were not coupled during the supramolecular
polymerization.* That is, 1C showed a linear net helicity (CD) cooling curve profile that did not
plateau at low temperature in comparison to the degree of aggregation (UV/vis) that exhibited
an exponential profile with a plateau at low temperatures. We postulated that this discrepancy
arose from a competition between nucleation of left- (M-type) and right-handed (P-type)

aggregates, thereby producing a net helicity curve that is non-exponential (i.e., linear). Here,

Fig. 3c clearly shows the net helicity and degree of aggregation are similar, which suggests that
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aggregation and preferential helical sense are coupled during the supramolecular
polymerization of 2C.2%30 |n tandem with the CD amplitude interchange observed earlier (Fig.
2a), we suspect the presence of the long lipid chain decreases the propensity to self-assemble
by permitting parasitic flexibility and steric effects.

By simultaneously applying a modified nucleation-elongation model (eq. S2 and $3)%82°
on 2C's UV/vis and CD cooling curves (Fig. S4, ESIt), the onset of polymerization, i.e. the
elongation temperature (T.) was determined to be 305.9 K (32.75 °C). Also, the activation
equilibrium constant (K,) and average enthalpy release of non-covalent interactions upon
elongation (h.) are 6.07 £ 1.61 x 10 and -494.8 + 19.8 kJ mol, respectively. The enthalpy of
elongation (h.) value for 2C is over 3-fold larger compared to its long-chain analogue 1C that we
reported in earlier work under identical conditions (i.e., -140 k) mol).}* Moreover, it is known
that the slope of the cooling curve near the elongation temperature is proportional to the
enthalpy,?” which facilitates the assembly rate. Observation of the degree of aggregation
curves in Fig. 3d reveals that, the self-assembly process for 2C occurs more rapidly. The cooling
curve reaches a plateau (fully assembled state) in only about a 5 °C temperature differential
from the onset of polymerization (T,) for 2C, as compared to about 15 °C for the long chain
analogue 1C. To further elucidate how shortening the distance between the porphyrin and
disaccharide moieties influence the structures formed by self-assembly, morphology studies
were carried out.

The morphology of self-assembled structures formed by 2C was investigated by electron
microscopy using both scanning (SEM) and transmission (TEM). The SEM image (Fig. 4a) reveals

the formation of mesoscopic aggregates that appear as elongated stacks of cups. TEM images
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(Fig. 4b and 4c) revealed that 2C forms clumped aggregates composed of nanofibers, which is
very similar to that observed in our previous report on long-chain 1C.2* The remarkable
aggregated structures associated with the short-chain compound reflects the robust and rapid
assembly process compared with the long-chain compound. Additional electron microscopy
images of 2C can be found in the ESIt (Fig. S5 and S6, ESIt). Although higher magnification TEM
images were unobtainable, we speculate that the fibrillar oligomers observed in Fig. 4b and 4c
consist of helical J-type arranged excitonically-coupled porphyrin chromophores while the
mesoscopic aggregates in Fig. 4a indicates the formation of higher ordered structures.
However, further investigations into aggregate morphology is needed and additional

experiments are the focus of future work.

nnnnnn

100 nm

Fig. 4. Electron microscopy images of 2C recorded in the solid state. (a) SEM image captured at
10.0 kx, samples were casted from a 1 mg mL? solution. TEM images captured at (b) 11.5 kx
and (c) 42.0 kx, samples were prepared from a 0.5 mg mL? solution.

In summary, we synthesized a new di-conjugate sophorolipid-(Zn)porphyrin compound
(2€C) that was designed to shorten the linker-length between the porphyrin core and peripheral
disaccharides. This structural modification, relative to its longer chain analogue (1C), caused a
chiral reversal that was realized by an inverted CD spectrum in dilute MeOH:water (1:1 v/v)
solution. The reversal resulted in a right-handed excitonically-coupled helical system of J-type

aggregates, in contrast to our recent report on its long-chain companion 1C that formed a left-
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handed system. In addition, the combination of *H NMR, 3C NMR, HRMS, melting point and
UV-vis shows unequivocally that the synthesized compounds are highly pure, thus ruling-out
impurities as the cause of chiral inversion. Considering that steric interaction contributes to the
generation of self-organized chiral ensembles as well as intermolecular hydrogen-bonds and n-
T, we speculate that steric reduction aids in the chiral inversion facilitation, however, further
investigation into the inversion mechanism is the focus of future work. Temperature-
dependent self-assembly studies of 2C revealed that aggregation (UV/vis) and preferential
formation of one helical sense (CD) are coupled during the supramolecular polymerization in
contrast to the long-chain analogue 1C. Cooling curves of 2C are well-described by a
nucleation-elongation model with an enthalpy of elongation that is over 3-fold larger than 1C,
which reflects a more energetically favorable assembling system for 2C—i.e. a cooperative self-
assembly enhancement. TEM images displayed clustering of fibril aggregates and SEM images
revealed mesoscopic cup-stacked aggregates. The highly malleable structure of sophorolipids
achieved by simple chemo-enzymatic modification methods along with its efficient synthesis by
yeasts provides a unique platform to manipulate important elements that control self-assembly
(e.g., hydrogen-bonding and amphiphilic character). This work validates how variation in
sophorolipid structure, in this case by changing the linker length separating sophorose and
porphyrin moieties that assemble by hydrogen-bonding and m-mt interactions, respectively,
permits dramatic changes in the propensity for self-assembly as well as the structures formed,
and future work involving systematic changes in linker length could further our knowledge of
structure-assembly correlations. This validates the possibility of using complex abundant

glycolipids as a means to manipulate the organization of m-extended chromophores as well as
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1  other functionalities to develop next-generation nanoarchitectures for optofunctional
2 applications.
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See the Electronic Supporting Information
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1  enhanced cooperative self-assembly compared to its analogue long-chain compound.



