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Self-reporting inhibitors: single crystallization process to get two 
optically pure enantiomers 
Xichong Ye,[a]¶ Jiaxi Cui,[b]¶ Bowen Li,[a] Na Li,[a] Jie Zhang,[a] and Xinhua Wan*[a] 

 
Abstract: Collection of two optically pure enantiomers in a single 
crystallization process can significantly increase the chiral separation 
efficiency but it’s hard to realize nowadays. Herein we describe, for 
the first time, a self-reporting strategy for visualizing the 
crystallization process by a kind of dyed self-assembled inhibitors 
made from the copolymers with tri(ethylene glycol)-grafting 
polymethylsiloxane as main chains and poly(N6-methacryloyl-L-
lysine) as side chains. When applied with seeds together for the 
fractional crystallization of conglomerates, the inhibitors can label the 
formation of the secondary crystals and guide us to completely 
separate the crystallization process of two enantiomers with 
colorless crystals as the first product and red crystals as the 
secondary product. This method leads to high optical purity of D/L-
Asn H2O (99.9 ee% for D-crystals and 99.5 ee% for L-crystals) in a 
single crystallization process. Moreover, it requires low feeding 
amount of additives and shows excellent recyclability. We foresee its 
great potential in developing novel chiral separation methods that 
can be used in different scales. 

Crystallization is a powerful separation technique to produce 
pure chemicals in large scale.[1] Essential to this ancient method, 
target product has a different solubility from impurities to 
precipitate as a pure compound.[2] For getting high yield and 
purity of a product, the (re)crystallization conditions should be 
optimized to allow maximally product to precipitate before 
impurities crystallize. It is a highly efficient method to purify a 
product containing minority impurities with distinguishing 
physical properties and has constituted a protocol used in both 
lab and plant. However, its applicability is significantly hindered 
in the separation of the racemic mixture in which two 
enantiomers have identical physical properties. To get optically 
pure enantiomers―essential compounds for modern pharmacy 
and agrochemistry[3]―from the conglomerates,[4] chiral additives 
are utilized to tune the crystallization kinetics of the 
enantiomers.[5] The approaches currently available include 
adding a chiral seed to reduce the nucleation barrier of one 
enantiomer for preferential crystallization (PC)[6] and applying 
“tailor-made” additives for selectively inhibiting the growth of one 
enantiomer to allow another to crystallize.[7] These fractional 
crystallization methods are the main strategy to get enantiopure 

compounds in industry but their separation efficiencies are low, 
typically in a region of 10~20%, because of kinetic resolution 
nature (Figure 1a).[8]  It is extremely challenging to collect both 
optically pure enantiomers in a single crystallization process due 
to the difficulty in noting the critical point of another enantiomer 
to precipitate and then being able to make a complete 
separation of the crystallization of two enantiomers.[9] Great 
progress has been made in the rapid determination of 
enantiomeric excess by optical approaches.[10] However, more 
efficient fractional crystallization methods for chiral resolution of 
conglomerates, especially of non-racemizing conglomerate 
crystals, remains to be developed.[11] We describe herein a class 
of self-reporting inhibitors that permit direct readout of the 
crystallization of another enantiomer and then guide us to obtain 
a complete separation of the crystallization processes of two 
enantiomers. 

 Our self-reporting inhibitors are made from the copolymers 
with tri(ethylene glycol)-grafting polymethylsiloxane (PMS-g-
TEG) as the main chain and poly(N6-methacryloyl-L-lysine) 
(PMAL) as the side chains (L-P-P-n, n represents the number-
averaged polymerization degree of PMAL). Their counterparts 
containing D-lysine were also prepared (D-P-P-n). The synthesis 
and characterization of these polymers are shown in Supporting 
information (Scheme S1 and Figures S1-S8). Under our reaction 
conditions, the molar ratio of PMAL and tri(ethylene glycol)alkyl 
in the grafted product was 1:39, which implied a T-shape 
structure for the L-P-P-n (Figure 1b). In the cycloaddition 
reaction, disodium sulphonated bathophenanthroline (DSB) was 
used as the ligand for hindering the binding of Cu(I) to the PMAL 
side chains.[12] This ligand remained in L-P-P-n after the reaction 
and purification process, which made the product colorful. 

In L-P-P-n, the PMAL side chains are complete hydrophilic 
while the PMS-g-TEG main chain is thermo-responsive with 
lower critical solution temperature (LCST)[13] and becomes 
hydrophobic in supersaturated amino acid (a.a.) aqueous 
solution at room temperature (rt, 25 oC), due to the repulsion 
between TEG and hydrophilic a.a..[14] As a result of this dynamic 
amphiphilic structure, L-P-P-n self-assembles into micelles with 
soft PMS-g-TEG as core and chiral PMAL chains as arms in a.a. 
aqueous solution at rt (Figure 1b). The micelles would 
disassemble when solution temperature is low because the 
PMS-g-TEG main chain becomes hydrophilic even in a.a. 
aqueous solutions (Table S3 and Figure S11). 

Figure 1c illustrates our strategy for selective fractional 
crystallization of conglomerates with L-P-P-n-based micelles as 
dyed inhibitors. Racemic amino acids were selected as model 
substrates because of their wide applications. Both D-seeds and 
L-P-P-n were added in our method to get maximal separation of 
the crystallization process of two enantiomers. The seed was 
expected to accelerate the crystallization of one enantiomer (i.e. 
D-a.a), resulting in a typical colorless crystal, while the polymeric 
assemblies would delay the formation of the nuclei of the other 
enantiomer (i.e. L-a.a) during the crystallization of D-a.a.,[15] and  
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Figure 1. Collection of two enantiomers in a single crystallization process. a) The schematic concept of our strategy. b) The molecular design of L-P-P-n and 
their self-assembly in amino acids solutions. c) Proposed crystallization process in presence of both seed and inhibitors and the self-reporting mechanim. 

Table 1. The resolution results of rac-Asn•H2O and rac-Thr using L-P-P-24 
as additive 

Crystals 

Asn•H2O[a]  Thr[b] 

ee 
%[c] 

ee 
%[d] 

Yield/
%  

ee 
%[e] 

ee 
%[f] 

Yield/
%[g] 

Colorless 
crystals (D) 99.9 99.9 16.9  99.9 99.9 15.6 

Red crystals 
(L) 98.4 99.5 13.8  98.6 98.4 18.5 

[a] Weight% of L-P-P-24, 4.5%; Crystallization temperature, 25 oC; 
Crystallization time, 48 h. [b] Weight% of L-P-P-24, 4.5%; Crystallization 
temperature, 25 oC; Crystallization time, 60 h. [c] and [e] Measured by 
polarimeter. [d] and [f] Measured by chiral HPLC. [g] The yield is defined as 
the weight ratio of the precipitated crystals/total racemic mixture. 

promote the crystallization of L-a.a. after the crystallization of D-
a.a.. The L-a.a. crystal finally formed, wrapping the dyed 
polymer to make the crystal colorful. In the other words, the 
appearance of color crystal would indicate the critical time point 
for L-a.a crystal to form. Although other strategies, like using 
colored seeds, can also visualize the chiral sense of NaClO3 
crystals,[16] such self-reporting characteristic has never been 
reported, which allowed us to optimize our conditions easily for 
completely isolating the crystallization processes of two 
enantiomers. 

rac-Asparagine monohydrate (rac-Asn•H2O) was used to 
demonstrate the self-reporting selective crystallization process 
induced by L-P-P-n. The crystallization condition reported in the 
previous publication was chosen.[7e] As L-P-P-24 was added into 
the oversaturated solution, only colorless D-Asn•H2O crystals 
precipitated in the first 14 hours (Figure 2a). Afterward, red 
crystals began to form, which were confirmed to be pure L-
Asn•H2O. Interestingly, the colorless D-Asn•H2O crystals were 
prismatic and small while the red L-Asn•H2O ones were 
pyramidal and significantly larger. More importantly, the 
crystallization processes of two enantiomers were completely 
separated under optimized conditions (4.5 wt% L-P-P-24 in rac-
Asn•H2O solution at a concentration of 111 mg•mL-1): the red 
crystals did not form until the colorless crystals completely 
precipitated (Figure 2b). As a result of the well-separation, this 
single crystallization process led to both enantiomers with 
extremely high optical purity (enantiomeric excess (ee)%: 99.9% 
for D-Asn•H2O and 99.5% for L-Asn•H2O) and a high total yield 
of 30.7%. Similar results were also obtained when our method 
was applied to separate rac-Threonine (Table 1 and Figure S14). 
When D-P-P-24 was used, the order of the formation of D- and 
L-crystals was reversed (Figure S15 and Table S4), which 
confirmed that the inhibiting effect depended on the 
configuration of lysine groups. 
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Figure 2. The stepwise crystallization process of D/L-Asn with L-P-P-24 as the inhibitor. a) The image of the Asn•H2O crystals precipitated from the solution at 
different times and the last image is the microscope photo of the final crystals (the larger one is red crystal, the smaller one is colorless crystal). b) Plot of crystal 
compositions and changes over time. 

 
It was considered that the L-P-P-n assemblies were 

entrapped in the L-crystals to make L-Asn•H2O crystal colorful 
(Figure 1c). Both Asn•H2O crystals obtained were re-dissolved 
and studied by 1H NMR and UV spectroscopy. The presence of 
L-P-P-n in the red crystal was confirmed by 1H NMR spectrum 
which showed the characteristic peaks of L-P-P-n and DSB 
(Figure 3a). The solution made from colorless crystal illustrated 
a typical spectrum of Asn•H2O without absorption in visible-light 
region while the solution made from red crystal displayed 
obvious absorption in the region of 400-600 nm (Figure 3c). The 
image was identical to that of L-P-P-n themselves (Figure 3b), 
further supporting the direct connection between the color of the 
red crystal and the dyed polymers. Since both PMS-g-TEG main 
chain and PMAL side chains in L-P-P-n are colorless, we 
assigned the color to the residual DSB bonded on L-P-P-n 
(Figure S7). Although DSB solution shows almost no absorption 
in the visible region (Figure 3b and Figure S18), the solid state 
of it shows absorption in the region of 400-600 nm where 
intramolecular rotations of the aromatic moieties are restricted 
(Figure S17a). Because DSB remained in the L-P-P-n even after 
serious separation protocol, we expected strong noncovalent 
interactions between DSB and L-P-P-n. Such interactions might 
restrict the mobility of DSB molecules and made them 
absorptive in the visible region.[17] To prove this, a model 
complex made from PMAL and DSB was prepared and 
characterized. As expected, the complex showed identical 
absorption spectrum as L-P-P-n solutions (Figure 3b). The 
interactions between DSB and L-P-P-n were further confirmed 
by the circular dichroism (CD) spectra of the model complex in 
which induced CD signals of DSB were found (Figure S17b). 

Fluorescence spectroscopy was also applied to study the 
presence of L-P-P-n in L-crystals. The solution made from the 
red crystal showed significant higher emission than that of the 
colorless crystal, and the image was identical with that of L-P-P-
n themselves (Figure S19). Besides, the 3D fluorescent image of 
the red crystals obtained released that the L-P-P-n concentrated 
on both the core and the surface of the crystal (Figure 3e). The 
presence of L-P-P-n in the core suggested that the polymeric 
assemblies were entrapped in the crystal at the very beginning 
of the crystallization process.  

We proposed that the formation of red crystals involved an 
enriching process of L-a.a. clusters on the polymeric assemblies 
and an Ostwald ripening process.[18] The L-a.a. clusters, that 
were smaller than the critical nucleus size, were entrapped by 
the PMAL arms. Such enriching process was supported by light 
scattering results in which the size of the assemblies continually 
increases before forming macroscopic crystals (Figure S20). An 
Ostwald ripening process might occur in the cluster-enriched 
polymeric assemblies (Figure S21), which led to a high local L-
a.a. concentration to trigger nucleation.[19] After the dyed core 
formed, small a.a. molecules, rather than L-P-P-n, selectively 
deposit on the growing crystal planes, leading to the dye-free 
middle region. Since the red crystal showed the same X-ray 
diffraction to the colorless one (same to as-grown Asn•H2O, 
Figure S22).[20] We did not expect any difference in this crystal 
growth process from colorless one. The L-P-P-n polymers finally 
attached to the surface of grown crystals when no excess a.a. 
molecules were available in the solution.  

The fractional crystallizations of Asn•H2O were carried out at 
the other two concentrations. At a concentration of 91 mg•mL-1, 
only colorless crystals were obtained, while poor separation 
effect was observed at a concentration of 154 mg•mL-1 (Table 
S5 and Figure S24). This phenomenon was rationalized by the 
solubility and metastable zone curves of Asn•H2O.[21] At a lower 
concentration, the supersaturation of Asn•H2O was under the 
boundary of metastable zone and PC dominanted in a limited 
crystallization time, leading to colorless D-crystals. The 
disassembly of micelles at this concentration is another 
important factor (Figure. S23). At the concentration of 154 
mg•mL-1, which is far above the boundary of metastable zone, L-
Asn•H2O tended to nucleate spontaneously and precipitate 
together with D-Asn•H2O crystals. As for the concentration of 
111 mg•mL-1, which is a little above the critical boundary of 
metastable zone, D-Asn•H2O crystallized first, while the 
nucleation and crystal growth of L-Asn•H2O was inhibited. After 
the crystallization of L-Asn•H2O was over, the clusters of L-
Asn•H2O captured by L-PMAL side chains became beyond the 
critical size owing to Ostwald ripening, causing spontaneous 
crystallization of L-Asn•H2O.  
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Figure 3. Self-reporting mechanism. a) 1H NMR spectra of the solution of crystals in D2O (A: solution of red crystals; B: solution of colorless crystals). b) UV-vis 
absorption spectra (A: solution of DSB (0.5 mg•mL-1); B: solution of DSB (0.5 mg•mL-1) and PMAL (n=24) (10 mg•mL-1), C: solution of L-P-P-24 (20 mg•mL-1)).  c) 
UV-vis absorption spectra of the aqueous solution of crystals with a concentration of 20 mg•mL-1 (A: solution of colorless crystals; B: solution of red crystals). d) 
The red and colorless crystals obtained by using L-P-P-24 as an additive. e) The 3D confocal fluorescence image of the red crystals (3D image on the left and 
horizontal cross-section on right). Arrows highlight the crystal surfaces. 
 

Figure 4. The other advantages of using L-P-P-n for resolution of a.a.. a) The comparison among limit crystal yields at different a.a. concentrations. b) Plot of 
feeding amount of L-P-P-24 and crystallization yield/ee% of products. Total crystallization time: 48 h; concentration of rac-Asn•H2O: 111 mg•mL-1. c). The 
transmittance of L-P-P-24 solution (5 mg•mL-1) at different temperature and the crystallization results by using the recycled L-P-P-24. 
 

The length of L-PMAL side chains also significantly affect the 
resolution results. Among the four polymers employed, only L-P-
P-24 allowed D-Asn•H2O crystals to completely precipitate 
before L-Asn•H2O crystals appeared (Table S6). This may be 
rationalized by the critical interfacial hydrophobicity caused by 
the side chains. L-P-P-n used acted as the inhibitors through the 
formation of core-shell aggregates, the morphologies of which 
were determined by the relative ratio of hydrophobic and 
hydrophilic parts. As indicated by the light scattering results 
(Table S3), vesicles were formed by L-P-P-19, spherical 
micelles by L-P-P-24 and L-P-P-32, and rod-like micelles by L-P-
P-41. The chiral resolution by L-P-P-19 was poor since only 
outer parts of vesicles played a role in inhibiting the growth of L-
crystals. For the other three polymers with long hydrophilic side 
chains, the dependence of inhibiting effect on the side chain 
length may be related to the “effective local concentration”.[8d] 

In addition to the self-reporting mechanism and getting two 
enantiomers in a single crystallization process, we also claim 
other advantages of our strategy, including high crystallization 

yield,[7e, 21a] low feeding amount, and recyclability. Figure 4a 
illustrates the maximal crystallization yields of test groups under 
different a.a. supersaturation with blank a.a. solution as the 
controls. The maximal crystallization yields of the test groups 
were close to the control ones. The total crystallization yields 
were significantly higher than the typical crystallization yield of 
20% obtained in traditional inhibitor-based crystallization.[8] On 
the other hand, the feeding amount of the inhibitor could lower to 
0.3 wt% without compromising the selection effect (Figure 4b 
and Table S7-S9).[22] Moreover, L-P-P-n was thermo-responsive 
in aqueous solution and underwent macroscopic phase 
separation in a.a. solution at high temperatures (e.g. 42 oC in 
Figure 4c).[23] L-P-P-n could be easily recollected by elevating 
the temperature. The same method could also be used to collect 
the polymers wrapped in the red crystals. After simple water-
washing, the polymer collected can be reused directly without 
reducing any performance. 

Our methodology has been extended to an additional system. 
By replacing the lysine units in L-P-P-n with L-phenylalanine, 
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another copolymer, L-P-PMP (Scheme S1 and Figures S9 and 
S10), was obtained. It can mediate the crystallization of racemic 
p-hydroxyphenylglycine p-toluenesulfonate (rac-pHpgpTs) and 
lead to similar crystallization results (Figure S16). 

In summary, we have reported a novel strategy for selective 
fractional crystallization of conglomerates in which the 
precipitation of the second enantiomer can be directly read out 
from the crystal color by using a kind of self-reporting inhibitors. 
Completely isolation of the crystallization processes of two 
enantiomers can be realized. The performances are significantly 
better than the state-of-the-art methods, although this strategy 
only works in the case of conglomerates at this stage and the 
productivity should be further improved in practical 
application.[21b] It might open a window for developing more 
efficient fractional crystallization methods and be potential in the 
chiral separation in different scales.  
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Self-reporting inhibitors: single 
crystallization process to get two 
optically pure enantiomers 
 

 
Small amount of recyclable, dyed self-assembled inhibitors made from the dynamic amphiphilic copolymers, consisting of tri(ethylene 
glycol)-grafting polymethylsiloxane main chains and poly(N6-methacryloyl-L-lysine) side chains, completely separate the 
crystallization process of two enantiomeric amino acids with colorless crystals as the first product (99.9 ee%) and red crystals as the 
second one (99.5 ee%) in a single crystallization process. 
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