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ABSTRACT: Poly(N-vinylcaprolactam) (PNVCL) polymers are.: . ;,

stimuli-responsive and change their conformation in aqueous. M

solutions upon changes in salt concentration, concentration| of (jo

organic solvents, or temperature, making these molecules @i hly

interesting for tailored release of drugs or fabrication of sensdis or * .- ..
actuators. At lower critical solution temperature (LCST), PNVEL
chains undergo a transition from a coil to a globule and become ..
insoluble. In contrast to other polymers, however, PNVCL has™ .
received much less attention as to elucidating driving forces of its: "
coil-to-globule transition at an atomistic level. Here, we show by a
combined computational and experimental study that upon temperature increase, PNVCL chains dissolved in water experience
increase of intramolecular interactions betwgandCG of the caprolactam ring. Therefore, more favorable cavity formation
energies and the increase of intramolecular interactions outweigh the loss in polar and hydrophobic solvation, and the loss
con gurational entropy in the coil-to-globule transition and, thus, may be considered driving forces of'sheofiahgsaeat

LCST. These results are based on molecular dynamics simulations of in tatde®@® and transition (free) energy
computations that have been validated internally and against experimental data. We systematicallyuerstedofhtinén

polyme’s length, concentration, tacticity, of the thermodynamic ensemble, and of the water model. Tacticity was found to be mos
in uential, with atactic polymers showing the strongest tendency to collapse. The presented approach should be applicable
scrutinize at the atomistic level the impact of, for example, ion and polymer dispersity on the coil-to-globule transition of PNVCL
and the LCST behavior of other polymers.

“+ coil-to-globule transition of
poly(N-vinylcaprolactam)

INTRODUCTION allows mimicking a biopolymer/protein-like behavior.

i ; . Compared to other thermoresponsive polymers, for example,
Poly(N-vinylcaprolactam) (PNVCL) is a thermoresponsive e well-studied poli¢isopropylacrylamide) (PNI-

polymer whose water solubility is temperature-dependery. 124528 . .

When exceeding the lower critical solution temperatureAM)'. PNVC.L shows fa\{orgble toxicological anq
(LCST) of 32337 °C. the polymer becomes insoluble in ccological properties because it is not decomposed into
water and undergoes a conformational change from a coil t glda”i Pgée“t'lj.”y _carmpgglqe amide derl\'/al':lv?s Upfé.” |
globulé?? Note that the exact LCST depends on parameters” {.0 ysis,” making It a viable option especially for medical
such as polymer length and concent?ﬁgms well as tyges applications.

s

N . Interestingly, not only long-chain PNVCL polymers but also
and concentrations of idhsetergentSand other osmolyt Fort PNVCL oligomers of20525 repeating units show a

. e A .. S,
The coil-to-globule transition is visible to the naked eye, th% stinct LCST behavior at a temperature56f°C. However
IS, an _;nglally crLear solutrl]c_)n becgst turbid Ltjpon pcl)lymeéxperimental data for uniform short-chain PNVCL (molecular
precipitation when reaching a €MPperature, aiso yeight < 7000 g mdl <50 repeating units) are rare, as the

referre_d to as cloud point temperature. This phenomenon nthesis of uniform PNVCL oligomers remains challenging.
of pa.rtlcularllnt_erest,_ as thermor_esponslye p0|ymers play a v Lzse data, however, are crucial to evaluate and validate
role in applications in health, biomedicine, environment, an ' '

agriculture/plant sciences. There, the polymers can be usecas—

carriers and allow a controlled release of a variety 6feceived: August 15, 2020
substances, such as drugs, fertilizers, herbicides, or ndp@sed: October 17, 2020
particleS>” Besides the main application as a carrierPublished: November 4, 2020
thermoresponsive gels (Eartially) based on PNVCL are also

applied in (bio)analyti¢s!” catalysi$>** and in a synergetic

use with nanopartickés:**? The thermoresponsiveness even
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Scheme 1. Synthesis of Linear PNVCL Using RAFT Polymerization
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computational approaches, such as molecular dynamics (Mprecedentedly detailed insights into the LCST behavior of
simulations and free energy computations, which, inverséRNVCL at an atomistic level.

provide insights at the atomistic level as to the molecular origin

of the transition that complement experimental anaRiées. METHODOLOGY

The knowledge gained from the simulations carabig used Experimental Approach. In the following, we describe

0 fprther ta_ilor the polymers to CHleegds. the synthesis of oligomeric PNVCL and its characterization
st on th ermoresponseness of PAVCL alfters WL (659, Sgma-Arch) nas e b
; ) . yp RS distillation under vacuum and recrystallized in hexane (99%,
using MD S|mulat|o_ns ha_lve been reported ?é? Fﬁﬁ? VWR). Methyl 2-bromopropionate (MEP) (97%, Alfa Aesar),
These include MD simulations at the coarse-grameted- 1 ia5qium ethyl xanthogenate (PEX) (96%, Sigma-Aldrich),
atom;” and atomistic levéls? While indicating that modern 5 azobisisobutyronitrile (AIBN) (98%, Sigma-Aldrich) were
MD simulations are suitable to investigate the coil-to-globu{gsaq a5 received.
transition in PNVCL at the LCST, the majority of the  synthesis of O-Ethyl-S-(1-methoxycarbonyl)ethyl Di-
published simulation d&ta" for thermoresponsive thjocarbonate (Rhodixan Al). A solution of 5 g of MEP
polymers describe the collapse at the LCST as a seemingly 25 mmol), dissolved in ethanol (38 mL), is stirred@t 0
irreversible process because often no transition from the this solution, 5.39 g PEX (33.6 mmol) is consecutively
globule back to the coil is observed during the simulation timgdded over 45 min. Afterward, the ice bath is removed and the
which contradicts experimental observatiéiisnotable  solution stirred for another 3 h. To purify the product, the
exceptions exi$t'**> Furthermore, a systematic assessmenformed potassium bromide is removed ltogtion and the
of the in uence of polymer length, tacticity, and concentratiosolution concentrated in vacuo. The remaining solution is
on the thermoresponsiveness observed in MD simulationsdissolved in dichloromethane (DCM) (80 mL) and washed
rare. Finally, while most MD simulation studies evaluat®ur times with water (15 mL). The organic phase is dried over
structural parameters of the coil-to-globule transition, energeNe,SQ, overnight andltered. After removing of DCM and
determinants of the transition have only been computed feubsequent drying under vacuum, a bright yellow liquid is
interactions between two isolated NVEBivipylcaprolactam)  obtained (5.67 g, 27.2 mmol, 93%).
monomers so fa? 'H NMR (400 MHz, CDQJ)Z 4.6064.45 (m, 2 H), 4.29 (q,
Here, we aim at elucidating the driving forces of the PNVCi = 7.39 Hz, 1 H), 3.65 (s, 3 H), 1.47 (s 7.41 Hz, 3 H),
coil-to-globule transition at the LCST by computationall-32 (t,J=7.13 Hz, 3 H) ppm.
structural and energetic analyses, in doing so paying particularC NMR (75 MHz, CDG): 211.70, 171.60, 70.10, 52.55,
attention to the impact of polymer characteristics and t46:79, 16.71, 13.50 ppm. _
validating our simulation results against experiment. We,Synthesis of Linear PNVCL Using MADIX/RAFT. In an
therefore, performed extensive all-atom MD simulations wifik@mple, for the synthesis of linear PNVCL with polymer-

. _ . 6 .
a cumulated simulation time of over 68@o investigate the 2ation degreg, = 106 via MADIX/RAFT,’a solution of 1 g
in uence of the polymer size, tacticity, concentration, and t

VCL (7.2 mmol), 15 mg Rhodixan Al (0.072 mmol), and
chosen water model on the coil-to-globule transition observ d55 mg AIBN (0.022 mmol) in dioxane (2 mL) is degassed by
at the LCST. We validated our simulation results by compari

ur freez8pumSthaw cycles and then purged with argon.

. : Atterward, the solution is added to a preheated oil bath at
computed structural descriptors, such as the radius of gyraugB, °C. and the reaction is carried on for 21 h. After
and transition enthalples to expenmenta?ﬁ%aﬂoreoyer, .. completion, the reaction is quenched in liquid nitrogen. The
we constructed hidden Markov models (HMMs) to identify olymer is gained through precipitation in hexandteatibn
metastable states constituting PNVCL ensembles at tempgg—a colorless or slightly yellowish sBlidhéme )1
atures below and above the LCST and performed free energyrpe polymerization degree of PNVCL chains was controlled
calculations, including a demosition into energetic  py the variation of the monomer (NVCL) to chain transfer
components, to elucidate driving forces of the PNVClagent (CTA) ratio. Increasing the amount of the CTA
collapse. A series of PNVCL samples with variable molecui#odixan A1 in the polymerization mixture reduced the
weights (100815,000 g mdt) and narrow dispersities were polymerization degree, while a decrease in the CTA
synthesized using macromolecular design by the interchang@@tcentration caused the oppositeze
xanthates and reversible add#fragmentation chain transfer Determination of Molecular Weights by MALDI-TOF.
(MADIX/RAFT) polymerization and their cloud points in Matrix-assisted laser desorption/ionization (MALDI) time-of-
aqueous solutions were determined byvisvspectroscopy. ight (TOF) mass spectrometry was performed on a Bruker

Our simulation results are in good agreement wittUltra eXtreme. Dithranol (Aldrich, 97%) was used as the
experiments, both in terms of agurational and energetic matrix. Sodium triuoroacetate was added for ion formation.
aspects of the coil-to-globule transition, and providS&amples were prepared from the tetrahydrofuran solution by
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mixing the matrix (25 mg/mL), sample (10 mg/mL), and saltwas at least 12 A (18, 24 A for the PNVCL 50mer at reduced
(10 mg/mL). About 1 L of the resulting mixture was applied concentrations). Periodic boundary conditions were applied
to a steel target to evaporate the solvent and create a thising the particle mesh Ewald metheal treat long-range
matrix/analyte lay&f The number-average molecular weightsglectrostatic interactions. Bond lengths involving bonds to
M,, of the polymer samples were determined in linear modeydrogen atoms were constrained using the SHAKE
for samples with high mass and ireegive mode for low algorithm. The time step for all MD simulations was 2 fs,
molecular weight samples. Analysis of the spectra wasd a direct-space nonbonded cofd A was applied. First,
performed using the Flex Analysis software (v. 3.3). the solvent was minimized for 250 steps by using the steepest
Determination of Cloud Points. For the determination descent method followed by conjugate gradient minimization
of the cloud point, the change in turbidity was monitored usingf 50 steps. Subsequently, the same approach was used to
a Varian Cary 100 Bio UV-Visible Spectrometer. PNVCiminimize the entire system. Afterward, the system was heated
samples were dissolved in double-distilled widrinto a from 0 to 100 K using canonical ensemble (NVT) MD
cuvette, and placed in the instrument. The absorption wasmulations, and from 100 to 293 K (313, 343 K) using
measured while changing the temperature in intervals betwasotherma&isobaric (NPT) MD simulations, also adjusting the
30 and 85°C at a heating rate of 0.2 K/min for etient solvent density according to 1 bar. Positional restraints applied
wavelengths (400, 500, 600, 700, 800, and 900 nm). The cloddring thermalization were reduced in a stepwise manner over
point was taken as the mean from all wavelefgghse( S)L 50 ps, followed by 50 ps of unrestrained NVT MD simulations
Computational Approach. We tested the imence of a  at 293 K (313, 343 K) with a time constant of 2 ps for heat
multitude of parameters on the PNVCL transition during théath coupling® Each MD simulation of PNVCL was run for 1
MD simulations of short-chain PNVCL polymers. The s using a time constant of 10 ps for heat bath cotijsing),
simulation systems each consisted of a single chain of esordinates were saved at 100 ps intervals. For the NPT
iso-, syndio-, or atactic PNVCL polymer with 5, 10, 15, 20, 25jmulations of the PNVCL 40mer, the temperature was
30, 40, or 50 repeating units each, resultingxir8 3= 24 maintained by using Langevin dynamiegith a friction
di erent system setups. Initial structures created by the LEaBe cient of 1 p%., and the pressure was maintained using an
program show a left-handed helical conformation with a fuiotropic Berendsen barost#Each NVT MD simulation of
turn every 50 repeating units, which becomes a straigRVP was run for 500 ns using a time constant of 10 ps for heat
extended coil conformation during minimization and thermabath coupling® and coordinates were saved at 100 ps
ization. To examine the polym#rsrmoresponsiveness, these intervals. In all casese independent replicas were simulated,
systems were simulated foslat 293, 313, and 343 K, using resulting in cumulative simulation times of 585 and &
the TIP3P water modéland ve replicas per setup, which PNVCL and PVP, respectively. Geometric analyses of the
resulted in, in total, 36® of cumulative simulation time. In trajectories were performed with CPPTRAJ.
order to probe for the inence of the used water model, we Structure Preparation. For computing atomic charges
also performed simulations of iso-, syndio-, or atactic PNVQGhbllowing the restrained electrostatic potential (RESP)
polymers with 30, 40, or 50 repeating units at 293 and 313 proceduré” NVCL andN-vinylpyrrolidone monomers were
using the OPC water mod@tesulting in additional 135 of modi ed by terminating the vinyl moiety with methyl groups
cumulative simulation time. To probe theauémce of the  and changing the hybridization state of the involved carbon
chosen MD ensemble, we simulated the iso-, syndio-, amtbms to sfin order to mimic the aliphatic polymer backbone.
atactic PNVCL 40mer in an isothe@imdbaric ensemble OpenEys OMEGA=®3(v. 3.0.0.1) was then used to generate
(NPT), yielding an additional 30s of the cumulative eight additional low-energy conformers of PNVCL to examine
simulation time. Finally, we increased the TIP3P water bdke robustness of the charges computed for the initial low-
of the 50mer in two steps to investigate theeimce of a  energy conformer. As-vinylpyrrolidone shows a distinct
decreasing polymer concentration at 293 and 313 K, therebgvelope conformation, we only considered one low-energy
going from 1.0 to 0.8 and 0.6 wt % of the polymer, conformation. The electrostatic potential (ESP) was calculated
yielding another 60s of cumulative simulation time. See at the HF/6-31@ level using Gaussiari%fterward, the
Table S¥or an overview of the performed simulations. Thes&SP was tted using the RESP chargi#ing procedure
simulations provide the basis for geometric and energetioplemented in antechamBemtentionally, we did not re
analyses as well as for constructing HMMs (see below). any other force eld parameters in order to examine the
MD simulations of poli-pyrrolidone) (PVP) oligomers capability of the GAFF2 foragld to describe the transition of
serve as negative control, as PVP does not show the distiR®VCL at LCST correctly. The parametrized repeating units
thermoresponsiveness although being structurally similar w@re saved in an Amber library (.lilk}, facilitating the
PNVCL? Iso-, syndio-, or three drent atactic PVP polymers generation of polymers of elient size and tacticity. The
with 30, 40, or 50 repeating units were created and simulatedrresponding libraryes can be downloaded free of charge
in TIP3P water at 293 and 313 K, yieldings/6f cumulative  via the internet abttp:/pubs.acs.orgFor atactic polymers,
simulation time. S&able SZor an overview of the performed the conguration of each repeating unit was chosen randomly
simulations. Seeable S¥or an overview of the number of (for details, se€able S} The generated polymer structures
atoms within each system. were methyl-terminated, although custom wettitins can be
MD Simulations. MD simulations were carried out with applied in future simulations.
the Amber18 suite of prografisusing the GPU-accelerated  Hidden Markov Models. For further elucidating the
CUDA version of PMEMB®® by following an established collapse mechanism and kinetics, we constructed HMMs from
proceduré? We applied the GAFF2 forceld™ in all the MD simulations of the atactic PNVCL 40mer below
simulations. The structures were solvated in a truncatéd93 K) and above (313 K) LCST using the PyENfVA
octahedron of TIP3P(OPC*®) water such that the distance python library (v. 2.5.6). HMMs are a practically feasible
between the boundary of the box and the closest solute at@pproximation of projected Markov models, for which, in
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contrast to Markov state models (MSMs), it is hot necessary to

.= E + .
assume a Markov chain on a cluster discretization of the stateG{9"0'0“'6’C()II Wi, globutzyt + op, glabuiejco

space. Instead, it is assumed that the full phase-space MD is S TSonfigt globule, doil (2b)
Markovian, and a projection of this full dynamics is observed _ _
on the discrete staf¥s. Eum is the sum of bonded and nonbonded intramolecular

Initially, the conformational space of the polymers wagnergies of the polymes(3
discretized and the trajectory reduced to a sequence of _ + +
transitions between discrete states, as good state spacg“’”\" - Boond Bngie _ Borsion
discretization is crucial to obtain a descriptive and predictive bonds angles forsions
model® We described the conformations of the polymer chain
by the set of distances between evdrcarbon atom of the + o Evaw o Belectrostatic
polymer backbone bound to a caprolactam ring to the t b ®)
polymers ends, the mid-point, and the lower and upperand G,,, denotes the solvation free energy of the polymer
quarter as well as the radius of gyration, resulting in 4D/5  (eq 4.
+ 1+ 2) + 1 = 41 dimensions. In order to reduce the
dimensionality, we performed a time-lagged independent Gonv = Gpor™ Gronpol (4)
component analysis (TICA)° reducing the 41 dimensions

to two dimensions represented by independent componenty, /4104250 ysing a dielectric constant of 1 for the solute and

(ICs) IC1 and IC2. TICA nds coordinates of maximal ccounting for the temperature dependency of the dielectric
autocorrelation at a given lag time, thus, itis usefd e ¢qngant of waté®? which was set to 80 and 74 at 293 K and
slow components in a dataset and provides an approximatig{iy K, respectivelfs, oo is further decomposed into a
to the eigenfunctions and eigenvalues of the underlyir]gpmsive cavitation soI\F/)ation free energy Gef and an
Markov operatdf. To make the two HMMs comparable agractive dispersion solvation free energyGgrmsionWhich
that were obtained from MD simulations at the respectivgre calculated using a term linearly proportional to the
temperatures, the TICA was performed on both sets of 4djecular volume enclosed by the solvent-accessible surface
dimensions, yielding that the feature sets were projected orjgng (SASA) and a surface-based integration method,
the same IC space. For further analysis, the trajectories of Wé@pectiveﬁf’. Finally, for the NMA, we assume that the
di erent temperatures were treated separatelylageans  polymer chains obey a rigid-rotor model, such that vibrational
clustering was applied to identify 40 microstates within thgequencies of normal modes can be calculated at local minima
reduced systems, genietata 40-state MSM for each of the potential energy surface, and translational as well as
temperature. Kinetically similar microstates of the granulgstational entropies can be calculated using standard statistical
MSM were then further assigned to metastable states kyechanical equatictfd=or the NMA, we chose &8¢ as
applying the PCCA+ algoritifyielding an HMM with two 3 water model, and each snapshot was minimized until the
to three hidden states. As HMMs show a low sensibility teonvergence criteria of aatence in minimized energy of
discretization errors compared to regular MSMs, could <0.001 kcal mol is satised. In the MM-PBSA approach, no
a ord to estimate our HMM at a small lag time of 0.5 ns andguto is used for the calculation of the nonbonded energies in
thus, resolve more processes than one can resolve with regiier,,,, part, and there are no cusofor long-range
MSMs®’ The implied timescale analysis, as well as the resuitgeractions in the Pois&Boltzmann model either.
of the ChapmasKolmogorov test, are showrfigures S2 G values computed accordingtp2bwere averaged over
Sh members of an ensemble. To do so, for each temperature
Free Energy Computations. In order to determine the (293 K and 313 K), ten times 100atient conformations with
di erence in free energy for the coil-to-globule transition dof relative radius of gyratid®, (s scaled b, , the radius of
PNVCL, G, we followed derent approaches. First, we gyration of therst frame; the conformations of oligomers of
deduced G for the transition at derent temperatures from the same length are similar after minimization and thermal-
the HMMs. From the stationary distributionhe molar free  ization) R/ R; o> 0.9, indicative of a coil-like conformation,

atoms atoms

G0 is computed by solving the linear PoBBottzmann

energy of staterelative to a state 0 is given by ().°” and R/ Ry, < 0.6, indicative of a globule-like conformation,
were randomly selected from the trajectories. Res@ts of
. . across all ten setS;(n = 10) were then averaged, yield@ng
G=SRTIn M‘ The standard error of the mean (SEMand the error of G
0 @) were determined according to the laws of error propagation
S . . . (egs 5and6).
econd, we validated the obtain&lby an independent
method, using the molecular mechanics P8Rsttnmann 1 B
surface area (MM-PBSA) apprdath to estimate the 6= —: = \/f (GS Q?
changes in the ective energy Euwv + Gsonaio) and vn nS1., (5)
normal mode analySi$NMA) to approximate the changes in
con gurational entropy of the soluteS(,.;9 upon the coil- Gor o= A © Iobui+ G—Cf” ©)
to-globule transition as implemented in MMPBSA.p8.is ? ?
then given ase@s 2and?2hb) Although the decomposition of the free energy computed by
. MM-PBSA into energy components accordimgjso?aand
Geoil globule™ G globue G coi (2a) 2b%" provides useful insights into each energy comisonent
contribution to the coil-to-globule transition, it is not
with immediately possible to entirely separate enthalpic and
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entropic components becau@g,, contains both typ&S. The cloud points of synthesized PNVCL samples were
Hence, it is not possible to compare the MM-PBSA energgpvestigated in aqueous solutions usirtgvid\&pectroscopy.
components to results from coil-to-globule transition enthaldyigure 1 shows the dependency of the experimentally
measurements based on calorifiiétfyor NMR3?
We, therefore, adapted an approach by Fenle§’ o al. .
relate potential energies obtained from MD simulations usir 80
explicit water with experimentally determinedrefices in
the enthalpies for the phase transition. To do so, we comput:—
average total potential energies of MD simulations of the—
PNVCL 40mer in the NPT ensemblds, . , and subtracted

the average potential energy of the same number of wa
molecules without the polymet),o , both at 293 and

313 K. These values can also be computed from M|~ 50
simulations in the NVT ensemble if the simulation box
volumes at equilibrium are known. For this, it is exploited th: °
the systern potential energy is linearly proportional to the box ' ‘ 1 *

volume within the ranges of box volumes sampled during tl 20 0 60 80 100
thermalization and pressure adjustment process; thus, 1.._ number of repeating units (P)

systeris potentlal energy can be interpolated for a given bol)—ﬁgure 1.In uence of the polymerization degieg ¢n the cloud
volume, ideally the equilibrium yolume of the S)?gtem' point of PNVCL at a polymer concentration of 0.4 wt %. The error
The enthalpy of the polymer in a solvent environment at gars depict the standard deviation of the mean. The color scheme of
given temperature is the elence Upp,o S Uy . For the dots is as used in latgures to indicate the number of repeating
error estimation, averages are computed for each repli¢dts-
trajectory and then processed similaxgtce The enthalpy i i , ]
di erence for the coil-to-globule transitioHy,,, is nally ~ determined cloud points for PNVCL samples witeretit
approximated from the MD simulations at 293 and 313 Knolecular weights. The increase in chain length leads to a
(eq 7. strong decrease in cloud point temperature. This trend is in
agreement with previous observations by Laukkanen and
Hyae Hpaisk H pooak coworkers, who investigated phase transitions of PNVCL in
’ U agueous solutions using both cloud point determination and
= Up oS Uyomsk di erential scanning calorimetry (DS€).
. . In addition, we investigated the uence of polymer
S (Uph,020S U po,2030 @) concentration in aqueous solution on cloud point temper-
atures.Figure 2shows the cloud points measured f@&

60 -

cloud point

The error of H,,nsiS calculated according to the laws of
error propagation, similar ¢o; 6 The error of Hy.s per
repeating unit is assumed to be equal on average for = 12 39
repeating units and independent from each other and, tht . $ 10
obtained as the square root of the squared erraf,Qf,s
divided by the number of repeating units.

70

RESULTS

PNVCL samples synthesized by RAFT polymerization exhil
tunable molecular weightd,( 1006615,000 g mot) and

variable polymerization degre®s: (75106) at narrow £
dispersities{) (Table ). The polymerization degrel,) -
was varied by adjusting the monomer to CTA ratio in the , : : : : : : -
reaction miXture. 010 015 020 025 030 035 040 045 0.50

polymer concentration [wt.-%)]

60 -

d point [°C]

clou
w
[e)

|

40 ~

Table 1. Molecular Weight\{,,), Polymerization Degree ] ) )

(P,), and Dispersity D) of PNVCL Chains Determined by Figure 2.Cloud points _of_Ilnear PNVCL 12mer, 16mer, 29mer,

MALDI-TOF Mass Spectroscopy 39mer,.and 106mer (indicated by g:olor, yellow to dark blue)
depending on the polymer concentration. The error bars depict the

standard deviation of the mean.

M,/g mol! P/a.u. D/a.u.
15,000 106 1.650
9670 68 1.409
5607 39 1.155 PNVCL samples wif®, 12, 16, 29, 39, and 106. It is obvious
4265 29 1.078 that the increase of the polymer concentration decreases the
2416 16 1.053 cloud point temperature exponentially. Thistehas been
1854 12 1.053 reported previousR’* and attributed to the enhanced
1713 11 1.055 probability of interchain interactions between hydrophobic
1140 7 1.207 segments.
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PNVCL PVP

Figure 3.Atomic partial charges of the repeating units of (A) PNVCL (chair conformation) and (B) PVP (envelope conformation) as determined
by the RESP procedtirare shown as labels and are projected onto the molecule surface (blue: positive partial charge and red: negative partie
charge). Atoms are depicted as spheres colored by their respective element type (carbon, nitrogen, and oxygen atoms in gray, blue, and

respectively). S@ables S5 and $@r charges of the hydrogens. The repeating units possess two open valences/connect records each; their net
charge is zero.

radius of gyration [A]
(@)

atactic poly(N-vinylcaprolactam) 40mer k=4 '-. D atactic poly(N-vinylpyrrolidone) 40mer
313K ’ | 313K
1 i
\‘\
0 200 400 600 800 1000 02 04 .'1.; 0 100 200 300 400 500 02 04
time [ns] density ’ time [ns] density

Figure 4.Radius of gyratiorR() during ve NVTMD simulations of 1s length of an atactic PNVCL 40mer (A,C) and dukiag\VT MD

simulations of 500 ns length of an atactic PVP 40mer (B,D) at 293 (A,B) and 313 K (C,D). Corresponding frequency distributions are shown nex
to the time series in matching color, a frequency distribution of all data is shown as the dashed black line. Sample structures taken from e«
simulation setup are depicted next to the corresponding simulation.

Parametrized Repeating Units of the Polymers. The the PNVCL and PVP repeating units are list8dlimes S5
modular parametrization of the repeating units of the polymessid S6respectively.
served to prepare polymers varying in size and tacticity. DoingPNVCL 40mer Shows Coil-To-Globule Transition at
so allowed us to investigate thaiémce of these character- Elevated Temperature, but PVP 40mer Does Not. To
istics on the LCST behavior of PVP and PNVCL; the formefprobe whether atomistic MD simulations discriminate between
although structurally very similar to PNVCL, does not show Bolymers showing or not showing an LCST, we perfomaed
distinct LCST behavior in water without altering the  MD simulations of 1s length each of an atactic PNVCL
polymer compositiii™* or the presence of additi®sand,  4omer in an explicit solvent at 293 or 313 K, which shows
thus, serves as a negative control. The computed atomic parE'@bT behavior in water aB15 K (see the&Experimental

charges are similar between respective atoms of the repea}iﬁ%roacrpart' as shown below. in the MD simulations. no

units of PVP and PNVCLFigure 3. The geometry further compaction arises at 343 K than at 313 K; hence, we

optimization at the ab iudevel yielded an envelope estrict our analyses in the next three chapters on 293 and

conformer of the pyrrolidine ring and a chair conformer or% . .
the azepane ring, which is in agreement with other quantu 13 K). Across allve simulations at lower temperature, the

mechanical calculations as well as experimental studies Bfius Of gyratios, a measure for the structural compact-
vinylpyrrolidone derivatives, suchNamethylpyrrolidorié@ €SS Of the polymer, frequentlgtuated between values of 12
and vinylcaprolactalf?® The SEM of the atomic partial &nd 25,2\_F|gure A); the Rg of the fully extended polymer is
charges across the set of eight low-energy conformers 25¢A. This behavior is also shown by trajectories that reside at
PNVCL is small (<0.eZor 28 atoms (90%) and <OeGar low R for an extended period of the simulation (see, e.g., the
the remaining three atonfisgure Spand within the range of ~ trajectory colored blue iigure 4). These ndings indicate
deviations found among other published parameterizgvera” that during the simulation time, multiple collapses and
tions>>°® The largest SEM values are found for the backbonextensions of the polymer are sampled. Stiéredtes
carbon atom connected to the nitrogen, the nitrogen itself, afbtween frequency distributions of each trajectory suggest
the C atom. The partial charges and positions for all atoms dfiat the simulations have not yet reached equilibrium.
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A 293 K B 313K

IC 2

IC1 IC1

Figure 5.HMMs for an atactic PNVCL 40mer, obtained from NVT MD simulations at 293 (A) and 313 K (B) projected on the same IC space.
The probabilities; obtained from the stationary distributiorsse shown for each state; the size of the arrows between states is scaled by the
corresponding transition probability for each HMM, which is given as the label for a lag time of 0.5 ns. For each macrostate, the ten most probal
representative structures are shown. The structure with the highest probability in each set is shown in nontransparent representation.

A distinct picture emerges for the PNVCL 40mer at elevateBICA %’ The data were then projected onto the two
temperature. Although also hemgctuations inR; are slowest components, and we considered a cluster discretization
observed Higure B), largeR; values are less frequently into 40 clusters usingmeans clustering. The number of
sampled, and the likelihood to observe such states decreasssded clusters was determined using a variational approach
with increasing simulation time. As a result, polymefor Markov processes.
conformations wittR; < 15 A dominate the frequency  Note that we applied the TICA on both data sets at 293 and
distribution, overall indiiag a preference for globular 313 K together, and each data set was subsequently projected
polymer states at 313 K. onto the same IC spadeigure 5shows the constructed

As a negative control, we also performed MD simulations biMMs, depicting representative clusters of structures for each
atactic PVP 40mers at 293 K or 313 K. PVP does not showdden state at 293 and 313 K. As the idemtion of
LCST behavior in water. At both temperatures, markethicrostates is done on each data set individually, the respective

uctuations oR; between 10 and 24 A are observed, andmicrostates, in principle, could be part oérdnt hidden
extended periods of simulation time witrRgare not found.  states. Yet, the hidden st&ew S, overlap well between both
Accordingly, the frequency distributions between 292 arffojections, suggesting a similar assignment of similar micro-
313 K are highly similar. In total, these results indicate tri§ates to the same hidden states atetit temperatures.
absence of a coil-to-globule transition in PVP 40mer. At 293 K, states; &nd $ comprise PNVCL conformations

To conclude, atomistic MD simulations on the microsecon#ith R, of 18.2+ 0.4 A (meant SEM, as calculated from 50
timescale discriminate between the LCST behavior of tfg@mple conformations, chosen by probability) and+13.4
PNVCL 40mer and the absence of thermoresponsivenessOot A, respectively. At 313 K, statem® $ haveR of 14.8+
the PVP 40mer. 0.4 and 13.2= 0.3 A, respectively. In addition, a further

HMMs Reveal an Additional Compact State for the hidden, more compact statevéith R, of 13.0+ 0.2 A is
PNVCL 40mer at the LCST Temperature. To shed light on  revealed. Compared to the rather extended st@eeSults
mechanistic details of the coil-to-globule transition of PNVCfrom folding of the polymer in the middle region, leading to a
polymers, we constructed HMMs from in total®2 s MD hairpin shape. By contrast, stateddtains conformations
simulations of the PNVCL 40mer at 293 and 313 K. where the termini of the polymer chain are located in the

We consider two/three hidden states, because an MSKenter of the globule.
timescale analysisigure Syishowed a timescale separation Although hidden states &8nd $ are present at both
between therst and second={gure S4Band between the temperatures, the probabilities of observing a macrgstate,
second and thirdF(gure S4prelaxation timescale for 293 are approximately inverted, going from a ratig/ of, = 68/
and 313 K, respectively. Thesgings suggest that for coarse- 32 2.1 at 293 K to one of 25/420.60 at 313 K. At 313 K,
graining, the dynamics retaining one (293 K) and two (313 K)he probability 08;, 53 is 0.33. Even at a temperatuté K
relaxation timescales and, therefore, two (293 K) and thrémlow the LCST, globular conformations are present already,
(313 K) metastable states is a good choice. To obtain a clustrch that the transition at the LCST occurs as a shift of existing
discretization, werst computed the slowest ICs with populations rather than a distinct, abrupt conformational
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change, as conveyed by other stiftfiésThe transition 60 VS —
probabilities between the hidden states change according 50 - e )
The probabilities shownfigure Gare given for a lag time of 40 -

0.5 ns. At 293 K, the transition from a globular state to a cc; 30 - - AOGer = -2.57 £1.16 keal mol ~*

conformation is twice as likely as the coil-to-globule transitio £ 20 - - -

At 313 K, the probabilities for the collapse and unfolding ar< 10 -
inverted, similar to the stationary distributions. Moreover, th 01
HMM reveals that the collapse into the new, very compai @ ~10
state $from a coil conformation is approximately as likely a 3 20
the unfolding process back to an extended conformation. =30 1

We used the logarithmic probabilities;Jrgbtained from 40
the stationary distributions to compute relative free energii =50 T AMEL = 21282 127 kealmol
between states; $eq 1. Note that such free energy ~60 295K 315K
representations generallyesufrom an overlap of states in _ o _
the directions not resolved in this plot, and only serve t§i9uré 6.Bar plot showing energetic efiences for the coil-to-

: PR globule transition of an atactic PNVCL 40mer observed in NVT MD
eros\g((j:iea?egue\;:/l;ﬁ;“vgc:mzre;f?'lmﬁzjgzz}(,isthe gee en?rgy simulations at 293 and 313 kG, is decomposed into the eience
St S 7

e in gas-phase energl, and solvation free energ,, (eq 2b.
0.44 kcal mel, indicating that the polymer collapse is Con gurational entropies of the polymer are estimated by NMA. The

endergonic at this temperature. In turn, at 3133, ¢ = error bars depict the SEM. Biiences in energy components between

= S . . both temperatures, as well as corresponding errors determined
S0.32 kcal mét, indicating an exergonic process IS according to the laws of error propagation, are depicted below and

considered in addition, llecomes unfavorable with respect to gpove the respective horizontal lines.
the two collapsed states by 0.63 kcat'mbbgether, this
results in a free energy atience for the coil-to-globule
transition at 313 K versus 293 K ofG = S0.76 kcal mét if At both temperatureST S,ngis positive for the coil-to-
S, is not considered, asd..07 kcal met if it is considered.  globule transition, indicating the loss of gorational

To conclude, the constructed HMMs for the atactic PNVCLentropy in that transition, in agreement with expectations, as
40mer identify two similar, coarse-grained hidden stategfie connement of a polymer into a smaller space is
comprising PNVCL in coil and globular conformations, athermodynamically unfavorable because of the reduction of
293 and 313 K, although the ratio of probabilities for the twéhe number of conformational statéghe loss is higher by
states inverts between the two temperatures. Furthermore, th69+ 0.25 kcal mot at 313 K, a result of both a higher
HMM for the elevated temperature also unveils anothefumber of corgurational degrees of freedom of the coil state
compact state, which is not observed at lower temperaturégd the presence of the compact stase that temperature
Finally, the HMMs reveal that the free energgretice for ~ (Figure SJZ In turn, the eective energy G« becomes more
the coil-to-globule transition at 313 K versus 293 K is slightfvorable on going from 293 to 313 K $8.57 +

DAEmm ) AEpmm AGer
AGson  DGerr ~TASconsg AGso, ~TASconng

L
- A(-TASconfig) = 169 + 0.25 keal mol ~!

AEcoil—-globule

larger tharkT. .16 kcal met. This change results from a much more
End-point free energy decomposition for the coil-to- ~ favorable molecular mechanics eneffgy; at 313 K, which

globule transition of PNVCL reveals a delicate is partially compensated by a more disfavorable solvation

enthalpy-entropy compensation that drives the col- contribution at the higher temperature, indicating that at this

temperature the globular polymer state relative to the coil one

is even less solvated than at the low temperature (see below for
rther corroboration). A further decomposition into polar and
onpolar contributions to the solvation free energy reveals that

ggg free energy needed for the endergonic process of cavity

Offation in the solvent because of polymer insertion

( Geaviry is smaller for the globule than the céilggre

9, as expected. In contrast, both favorable pakgg)and

ispersion (Gyispersioh Contributions to the polymer solvation

lapse at elevated temperatures. To validate the free
energy dierences between statee®aled by the stationary
distribution of the HMMs, we performed end-point free energ
computations following the MM-PBSA appr6&¢i Here,

e ective energies, comprising molecular mechanics ener
solvation free energies, and garational entropies, are
computed ¢gs 254) on the structural ensembles of polymers
extracted from the MD trajectories. We investigated the co

to-globule transition, that is, we compared end-point freg.o gmalier for the globule than the coil, which becomes more
energies for polymers wWRItR; o> 0.9, which are considered ,4hqnced at 313 K, outweighing the previously mentioned
a coil, and polymers Wiy Ry o< 0.6, which are considered a ¢;\0raple Geavityin both casesH{gure SB The overall

globule. Note that the dirent temperatures pertaining to the ¢, nterintuitively too positive nonpolar solvation contribu-
respective MD simulations were accommodated in the MMjon to the globule formation has been observed likewise in the
PBSA postprocessing step by adapting the dielectric constagke of dimer formation of nucleob#s@s. the other hand,

of water in the PB computations and the temperature enterife |oss in solvation free energy when going from a coil to a
the statistical mechaniosquations for cogurational  globule is partially compensated by favorable van der Waals
entropies. The components of the end-point free energigs g ,,) and electrostatic E,) intramolecular interactions

are displayed ifrigure 6and compared component-wise at 293 K and even more so at 313 K, that way promoting the
between the two temperatures. This is done because MMtobular conformation at a higher temperafeigie SP

PBSA free energies may beuémced by system-speci The favorable E,qy is mainly determined by intramolecular

feature$* such that a system-speaieighting of cogura- interactions of the lactam ring, especially of atganrsdds,
tional entropies with respect toeetive energies may be as revealed by the atomwise decompositionEgfy
required to obtain accurate free enetifies. (Figure S1I) whereas the changes in electrostatic interactions
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Figure 7.Dependence of the mean relative radius of gyrBjiég of PNVCL oligomers with cérent chain lengths (varying from 5 to 50
repeating units, colored accordingly from red to dark blue) on the tempesatisk facticity [(A,D) syndiotactic; (B,E) isotactic; and (C,F)

atactic PNVCL] and water models$@) TIP3P; (DSF) OPC]. Mean values are calculated freml5 s of NVT MD simulations each, the
corresponding standard errors of the mean are depicted as error bars.

at higher temperature are mainly caused by the carborfyigures SS14show that the cumulative running average of
carbon and carbonyl oxygen atoRigufe S1)1 The more the respective potential energies stabilizes during tNeT
favorable eective energy Geuseciiv) @t 313 K compared to  MD simulations of 1s length. This also applies for the NVT
293 K nally overcompensates the loss of groational MD simulations Kigure S16 although the average values
entropy Eigure §. Together, these changes lead to a freghere depend on the box size of the simulation system
energy dierence for the coil-to-globule transition at 313 K(Figure S1)6 For the isotactic, atactic, and syndiotactic
versus 293 K of G = (52.57+ 1.16 kcal mot) + (1.69+ polymers, such H;.,s values determined from NPT
0.25 kcal mét) = S0.88+ 1.19 kcal mét, following the laws ~ simulations are 1.92 0.56, 1.95+ 0.51, and 2.1%&
of error propagation. 0.33 kcal mél, respectively. The interpolated result
To conclude, the MM-PBSA results for the free energgonsidering the mean (equilibrium) volume obtained from
di erence for the coil-to-globule transition at 313 K versuthe NPT simulations for the NVT simulation of the atactic
293 K, although having a high uncertainty, are in perfe@NVCL 40mer yieldsH,,s= 1.98 kcal modt (Figure S16
agreement with G computed from the stationary agreeing well with the direct results from the NPT simulations.
distribution of the HMMs above, lending mutual support to To conclude, the computed transition enthalpies are within
either result. As to the energy decomposition, the MM-PBSe range of enthalpies reported in the literature (see the
analysis reveals that at a higher temperature, favorable van@iecussiosection for a comparisot).
Waals and intramolecular electrostatic interactions outbalancén uence of polymer length, tacticity, temperature,
the loss in solvation free energy andguoational entropy  concentration, water model, and the chosen MD
and, thus, promote the coil-to-globule transition. ensemble on the simulation of the PNVCL collapse. In
Transition Enthalpies Determined from Explicit order to probe the imence of parameters on the observed
Solvent MD Simulations. The decomposition of the MM-  behavior of the PNVCL, we systematically varied the structures
PBSA free energies allowed us to identify key energetidth regard to length and tacticity and tested thet ef
components of the coil-to-globule transition. However, theemperature and water model used in the MD simulations.
determined quantities are dult to relate to the experimental Figure 7summarizes the imence of the tested parameters on
calorimetric data, because it is not straightforward to furthéme radius of gyratioR, per se was shown abovej(rre 3 to
decompose the solvation free energy into enthalpic ardiscriminate between the coil and globular conformations of
entropic parts, overall preventing to separate enthalpic atie polymer; here, we dividgby R, of the rst frame of the
entropic contributions accuratéfy. production MD simulatiorR{y as a proxy to normalize the
Hence, we adapted a method used to relate potentia¢sults with respect to the molecular size of the polymers. We
energies from MD simulations to enthalpies determined kgonsider a polymer mainly collapsed if a relevant decrease
isothermal titration calorimetry (ITQd 3.5°We computed  ( 0.1) in the mean relative radius of gyratRyiRy) is
the coil-to-globule transition enthalpyl,,,s for a PNVCL observed when going from a lower temperature to a higher
40mer and divided it by 40 to obtain an enthalpy per residueemperature.
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Figure 8.Two-dimensional histogram of the number of water atoms withist gedvation shell, i.e., within a distance of 3.4 A of atactic PNVCL

(A) and PVP (B), for varying polymer sizes (indicated by color) at 293 K (left histogram) and 313 K (bottom histogram) observed in NVT MD
simulations.

In general, we do not see a coil-to-globule transition fahowed varying ects on the PNVCL 50mer, depending on
PNVCL polymers with 5 to 20 repeating units at 313 Kthe polymes tacticity. The syndiotactic PNVCL does not
(Figure ASC), in agreement with experimeritig(re ). As show relevant coil-to-globule transitions at any polymer
to MD simulations in TIP3P water, in the case of isotactieoncentration or temperaturigures S17 and 318 he
polymers, a transition is only observed for the largest polymigbtactic PNVCL clearly shifts to the coil with decreasing
tested (50mer) Rigure ASC). By contrast, for atactic polymer concentrations at 293R{g(ire S1and, to a lesser
polymers, coil-to-globule transitions are found for 25, 30, 4@xtent, at 313 KFgure S20 Finally, the atactic PNVCL
and 50mers, with a pronounced temperature dependenggows coil-to-globule transitions at all polymer concentrations
occurring in the case of 30 and 40mers. For the atactic PNV temperatures={gures S21 and 922
25mer, we do not observe a coil-to-globule transition at 313 K, ess consistent results are found if the OPC water model is
but at 343 K, which is in agreement with the experimentallyseq instead of the TIP3P water moBliglfe DSF). First,
observed, higher LCST of aplproxmateI)fCSO‘_or small  the OPC model tends to stabilize the coil state. Second, the
PNVCL oligomers of 250ampP". For the atactic PNVCL  55ymer length dependence of the collapse is less pronounced
50mer, however, we already see a collapse of the polymea,ﬂ ch is at variance with experimi&hEinally, the temper-

, _ L dtlre dependence of the collapse is less pronounced (see
R#Rgto Obs?(\:'_?_i g)r: tdh_e |S(Zleact|c EL\IVCL;{hCO.nS'?ﬁ”ggN;[?C tactic 40mer) or even inverted (see isotactic 40mer). The
structure o odixan used to synthesize the i erences in the SASA of the polymers between MD

polymers and general polymerization mechanism, it can ?&lulations in TIP3P or OPC water are negligible for syndio-

assumed that synthesized polymers are atactic, as this . . . .
does not allow ¥0r steric copntr%I during the polymerization"’m.d isotactic polymers except for the isotactic PNVCL S0mer

The experimental results show better agreement with t igures S23 and E}Zdoncordant with tha’F small changes n -
simulation results of atactic polymers, further supporting th do not _necessarlly change t_he SASA in the case of hairpin
hypothesis. For the future, the synthesis of PNVCL polymngnformatlons. Only for atactic PNV.CL (.jo we observe a
with de ned tacticity would help support simulation resultsMarked decreaseRg Ry for MD simulations in TIP3P water
However, to our knowledge, no successful synthesis routeCg§nPared to those in OPC water, which is accompanied by a
obtain the syndiotactic or isotactic PNVCL chains have bedlfewise decrease in the SABgUre S2bH
established yet. Finally, we |nvc_est|gatedl theugnce of th_e cho_sen MD

To probe whether the transition of the 50mer at 293 ke€nseémble used in our simulations by simulating the iso-,
already is because of a too high polymer concentration in tA¥ndio-, and atactic PNVCL 40mer in an NPT ensemble. The
simulation box, which would entropically disfavor the coflistributions of SASAFigure S26show nonuniform and
state, similar to what is known as crowdiegten protein overall small derences with respect to the NVT ensemble at
folding'°*'°®we repeated the MD simulations with larger boxboth temperatures. Noticeableedénces in the distribution of
sizes, that way decreasing the polymer concentration from 1Rg(Figure S27A)Bare because of single trajectories of the
0.8 and 0.6 wt %. Note that the polymer concentrations chosearresponding set and, therefore, might indicate still
here are well within the ranges of those used to determirgsu cient sampling rather than efiences because of the
LCST behavior experimentally (see fheierimental chosen MD ensemble. Upon removal of the respective
Approachsection). The decrease of polymer concentrationtrajectories, the distributions Rf also show nonuniform
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Figure 9.RDFs ((r)) for pairs of ring atoms of PNVCL (A) and PVP (B) and the oxygen of the surrounding water molecules, as well as pairs of
atoms between lactam rings of PNVCL (C) and PVP (D). The RDFs were calculated for the atactic PNVCL and PVP 40mers simulated in the
NVT ensemble. Atom pairings are depicted in the respective colors, and RDFs calculated from trajectories at 293 and at 313 K are shown as a s
line and a dotted line, respectivelyefinces in the RDFsg(r) = g(r)s13 S o(r) .3 are shown in the separate plots below.

and overall small dirences at both temperaturésg{( SASA andR; as the NPT simulations. As to the chosen water
ure S2C,D). model, the OPC model tends to stabilize the coil state
To conclude, with increasing temperature and increasimgespective of polymer length or temperature, which is
chain lengths, the probability that PNVCL undergoes a coil-tgarticularly notable for atactic PNVCL.
globule transition increases. Atactic polymers show a muchimportance of the Lactam Ring Size for the Solvation
higher tendency to collapse into a globule, whereas fof PNVCL and PVP at Di erent Temperatures. The MM-
syndiotactic polymers, hardly any temperatueet as PBSA analysis of the coil-to-globule transition revealed that
observed. As to the uence of the polynigrconcentration, intramolecular van der Waals and, to a lesser extent,
because of potential crowdingats, the coil conformation is electrostatic interactions generally favor the globular con-
favored for isotactic polymers with decreasing polymdormation of PNVCL, and more so at 313 K than 293 K
concentration, whereas the syndiotactic polymer alwaySigure SP whereas both polar and nonpolar solvatiect®
remains in a coil conformation and the atactic polymer alwafesvor the coil conformation, again more so at 313 K than 293 K
shows a coil-to-globule transition regardless of the polym@figure SB
concentration. To examine whether the latter points to an issueTo understand thisnding, we computed the number of
of the applied simulation methodology, further experimentalater molecules in thest solvation layer within a distance of
validations are necessary; for example, the investigation3ef A to PNVCL and PVP polymers at 293 and 313 K
short oligomers with known tacticity using DLS. We also notg-igure §. First, with increasing polymer size in the case of
that the concentration we refer to merelgats the average PNVCL, the rst solvation shell becomes moreisé (as
amount of water surrounding the oligomer in an ideal mixtureneasured by the variance of the marginal distribytjgh=
This implies that interactions involving water should b&94.5, 819.5, and 1110.2 for 30, 40, and 50 repeating units,
adequately rected; however, further MD simulations of respectively); this ect is less pronounced in the case of PVP
systems comprising multiple oligomers need to be done 0,93 = 199.2, 343.7, and 395.6 for 30, 40, and 50 repeating
probe eects due to interactions between the oligomers. As tonits, respectively). Second, at 313 K, PNVCL polymers with
the chosen thermodynamic ensembles, the NVT simulation80 residues are between 1.06- and 1.12-fold less solvated
yield virtually identical results with regard to the polymethan at 293 K; this ect is less pronounced in the case of PVP
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(1.04- to 1.05-fold lower solvation). Thestings mirror that DISCUSSION

larger PNCVL polymgrs at elevated temperature form e aimed at elucidating the driving forces of the PNVCL coil-
globule, thereby expelling water molecules from buried ator?&-‘globule transition at the LCST, in doing so, paying

As the burial involves the polar amide groups, this may explafticyiar attention to the impact of polymer characteristics
why polar contributions to the solvation free energy disfavgp,q o validating our simulation results against the experiment.
globule formationH(gure SB The loss of water molecules in The experimental results presentedgares and2, and

the rst solvation shell also mirrors that dispersion interactiongyple 1indicate that small linear PNVCL chains undergo
between polymer and solvent disfavor the coil-to-globulgmperature-induced phase separation, potentially because of
transition Figure SB ) . . the increased intermolecular interactions leading to aggrega-

To further investigate the interaction of each atom in thgion and/or increased intramolecular interactions resulting in a
polymels side chain to other polymer atoms or solvent, weoil-to-globule transition. The experimentally determined
computed radial distribution functions (RDFs) of thecloud points for the series of PNVCL samples strongly depend
respective atom pair§igure §. As to interactions with  on the molecular weight and concentration of PNVCL. The
water fFigure @,B), as expected, only the carbonyl O shows gloud points decrease if the chain length and concentration of
pronounced peak at hydrogen bond distance, for both PNVG2NVCL increase.
and PVP. dr) = ds13 S dr).ge3 < O for that interaction The MD simulations strongly suggest that upon heating of
indicates a partial desolvation of the carbonyl group at 313 RNVCL, increasing intramolecular interactions betwgen C
Interactions involving the carbonyl C and the amide N arand G of the caprolactam ring and more favorable cavity
similar in both systems, ang[r) 0 in both cases. A marked formation energies outweigh the loss in polar and hydrophobic
di erence is seen for;@nd G of PNCVL versus the solvation, as well as the loss of gorational entropy in the
equivalent €in PVP in that in the former case at 2931K5- coil-to-globule transition and, thus, may be considered the
fold largerfr) values are found a#.7 A, indicating a more driving forces of the polyrisecollapse at LCST.
pronounced solvation of the hydrophobic PNVCL atoms in Attempts to investigate the LCST behavior of PNVCL by
the coil conformation. At 313 K, particularly these atoms thedll-atom MD simulations have been comparativelySpése,
lose interactions with waters when forming the globule, &d evaluations of the underlying thermodynamics, which is of
indicated by g(r) < 0 in the range of 3.555.2 A, whereas great importance to fully understand the coil-to-globule
the loss for §in PVP is marginal. transition, have been even ritévioreover, to our knowl-

As to interactions between pairs of atoms efatit lactam ~ €dge, there is no study in which, in a comparative manner, the
rings Eigure €,D), main dierences between PNVCL and behavior of PVP was probed under identical simulation
PVP are found for those of carbonyl Os and carbonyl C_gpndltlons. However, _P\_/P is a valuable negative contrql, as
respectively: these interactions dr&-fold more frequent at it does not show distinct LCST behavior while being
contact distances for PVP than PNVCL, suggesting mogdructurally similar to PNVCLFigure 3. Here, we
favorable interactions between carbonyl gf8tfisn the demonstrated that g_ll-atom MD .S|mulat|ons.wn.h .modern
case of PVP that may be a crucial factor in the stabilization '9fC€ €lds are sensitive and speeinough to discriminate
the coil conformation. The loss of such interactions on goi tween the_PNVCL and PvP behaviag_u(’e ) Inversely, .
from 293 to 313 K is similar for both systems, however. e §|mulat|on re_sults of the negative _control prow_de
conast, eracions betweey d G, respeciue, of ALl iomaten on st deerminant et e
PNVCL are more frequent at higher temperatures for PYNC VP 9 P
than between the equivalegtiCPVP. '

The change of solvation of the polymer backbone within 6 A "¢, thermodynamics of theNVCL coil-to-globule
ng g . POty . t&r‘ansition was investigated using three independent methods.
plays a minor role in the coil-to-globule transition of PNVCLF

irst, we constructed two HMMs from MD trajectories sf 5

(Figure S28R and hardly any role in PVFigure S263 length of the PNVCL 40mer to characterize conformational
Because of the prevalence of compact forms at 313 K, whefe ¢ 2nd their transitions at 293 and 318dGie 5. The

many PNVCL repeating units are buried within the globule, Ms support the existence of afient intermediate
also observe a decreased amount of water molecules withieO formations of PNVCL, with varying populations at

to 10 A, as the neighborhood of a unit is then occupied byj erent temperatures: We observed metastable states

other polymer units rather than water. o comprising extended, but also hairpin-like conformations in
To conclude, the additional methylene units in the lactaqyp simulations below the LCSFigure ), where the coil

ring of PNVCL are better accessible for water molecules thagie is favored; above the LCST, a new, very compact third

the carbon atoms close to the backbone in the coil, but are thgstastable state is present, which comprises conformations

ones that show the largest decrease in interactions with wad@hilar to the proposed (molten) globule. Overall, the

upon globule formation at elevated temperature. By contraghserved shift from the coil via the hairpin-like conformation

the change of solvation of the polymer backbone plays a mingrthe (molten) globuleRigure B) with increasing temper-

role in the coil-to-globule transition. Thus, these carbon atomgure is similar to the transition path Wu and Waogosed

do not only contribute a major part to the nonpolar solvatiofor PNIPAM. For the atactic 40mer, even in the pretransition

energy but also contribute to more frequent intramoleculaegion, a comparatively high number of repeating units was

interactions at higher temperatures, rendering them essent@ind to be partially inaccessible to water, because we

for the dierence in LCST behavior compared to PVP.observed a transition to a hairpin conformation at lower

Inversely, favorable interactions between carbonyl groups smperatures already, as indicated by*D&@ uores-

more prevalent in PVP, which may contribute to thecencé’experiments. Interestingly, above the LCST, a polymer

stabilization of its coil. in a hairpin conformation has tst adopt an open, coil-like
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conformation to then form the compact globule. Wu et alMochizuki presented a detailed potential of the mean force
reported on the folding pathways of generic, esdbie study, albeit performed only on two isolated PNVCL
polymers, characterized by unspedmats, proposing several monomers® That way, the results cannot take into account
pathways for the coil-to-globule transition of an 80mer, withotential inuences because of the attachment of the
the direct transition being the most prominent one Wid&o sidechains to a backbone, and it is also not clear that the
of occurrence frequeric§However, one has to consider that energetics of monomer interactions remains constant irre-
di erences in chain length and molecular properties of thapective of whether monomers in the middle of the chain or at
building blocks may lead to eliences in preferred folding its ends interact. Unsurprisingly, our resules dbmewhat
pathways. from Mochizuks results® because we do observe a signt
Second, to gain insights into the composition of the coil-tcchange in the solvation shell of PNVElgire § upon
globule transition free energy of PNVCL, we performed MMReating, which is in agreement with absorption millimeter-
PBSA computations for ensembles of coil and globulsave measuremehts.Furthermore, Mochizuki idemd
conformations extracted from MD simulations below anihcreased caprolacteaprolactam interactions because of
above the LCSTH{gure §. The resulting derence in free  reduced water-mediated repulsion as the driving force for the
energies for the transitions at 293 and 313 K matched well witbllapse upon heating. By contrast, we iddné delicate
the di erence in free energies calculated using the constructiealance of several factors as a driving force for the transition:
HMMs, leading to mutual support of either method. Thefavorable intramolecular polymer interactions overcompensate
energetic decomposition of the free energy shows that van dee disfavorable loss in solvation free energy amngueon
Waals and intramolecular electrostatic interactions outbalarimnal entropy. While the latter term cannot be accounted for
the loss in solvation free energy andguoational entropy  in MochizuKs work, both our studies agree on that a favorable
and, thus, promote the coil-to-globule transition. These resuttavity formation free energy accompanies globule formation.
are in line with structural analysis of both PNVCL and PVP ifinally, note that in both MochiZakivork and ours, the
terms of RDFs, in that the additional methylene units in thémpact of other polymer chains on the energetics of the coil-to-
lactam ring of PNVCL are better accessible for wateglobule transition is not taken into account.
molecules than the carbon atoms close to the backbone inBesides temperature, we systematically testedutiecin
the coil, but are the ones that show the largest decreaseahthe polymes length, concentration, and tacticity, of the
interactions with water upon globule formation at elevatethermodynamic ensemble, and of the water model on the coil-
temperatureKigure 9. These carbon atoms also contribute to to-globule transition of PNVCL during MD simulations. For
more frequent intramolecular interactions at higher tempePNVCL, the inuence of the tacticity on the coil-to-globule
atures, overall rendering them essential for theenite in  transition had not been assessed in MD simulations so far and
LCST behavior compared to PVP. Inversely, favorablas also been rarely considered in experimental “stidies.
interactions between carbonyl groups are more prevalent@f all tested parameters, the tacticity was shown to be most
PVP, which may contribute to the stabilization of its coil. important with respect to the conformational space explored
Third, to relate the computed energies to experimentallyy the polymer: we observed a collapse at elevated temper-
accessible quantities such as transition enthalpies determiaagtes for atactic and, partially, for isotactic PNVCL, but not
by DSC and NMR, we adapted a method used to correlafer syndiotactic PNVCIE{gure J. By contrast, for PNIPAM,
potential energies from MD simulations using explicit solvettie in uence of the tacticity on the collapse of the polymer
with ITC experimentS.The computed transition enthalpy of during MD simulations was less pronouhice®ur MD
2 kcal mol* per repeatin%‘lunit is similar to enthalpies simulations using TIP3P watereaed PNVCls type |
reported by Dubovik et 3al. Note, though, that the LCST behavior, that is, that the LCST decreases with an
experimental data of transition enthalpies of PNVCL coveriacreasing molecular weight of the pofiffégure J. By
broad range, that is, transition enthalpies determined by (HSentrast, MD simulations of PNCVL polymers in OPC water
DSC or NMR range from 0.5 kcal mot,” over did not show this trend, although OPC water is generally
1 kcal mol***? and 1.5 kcal mdF*? to 2.0 kcal  considered to better represent bulk water characteristics than
moP! and 2.6 kcal maF** per repeating unit for PNVCL TIP3P?° The OPC water model presumably overestimates
polymers of likely varying molecular weights, concentratiormlar interactions with the polymer, that way favoring the coll
and tacticity. Interestingly, Lozinsky &f akplained der- conformation and hampering the transition to the globular
ences in transition enthalpies withedinces in polynter conformation. Additionally, all water modelgerdin their
polymer interactions and proposed that mainly syndiotactgtandard molar entropy, which may also inence the
polymers show higher transition enthalpies than polymers widlelicate enthalfgntropy compensation underlying the coil-
isotactic regions. This suggestion isroted by the trend of  to-globule transition. We also note that the potentially
transition enthalpies found by us. increasing inuence of the polymer end-groups with decreasing
The exact estimation of (free) energies of the coil-to-globulgolymer size may not be adequatelgcted using methyl-
transition using MD simulations remains challenging becausapped PNVCL model sttuces. Notably, our MD
of multiple factors, such as unknown, incomplete, osimulations are apparently sensitive enough to detect an
imprecisely determined properties of PNVCL, including th&n uence of polymer concentration on the transition behavior,
polyme’s tacticity or molecular weight (distribution). Still, the particularly for isotactic PNVCEigure S19 and §2€inally,
presented methods performed on full-length PNVCL 40mewve demonstrated that the thermodynamic ensemble had little,
help to gain useful insights into the energetics of the coil-ti-at all, inuence on the coil-to-globule transitieiyre S26
globule transition as well as complement and validate eashd S2), given a suciently long volume adjustment time
other. To our knowledge, this is thest time that prior to NVT production simulations.
computations of (free) energies of the coil-to-globule While the present study, to our knowledge, provides the
transition of PNVCL have been performed. Previouslymost detailed assessment of the coil-to-globule transition of
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PNVCL polymers at the atomistic level, further (computa- Information Processing (IBI-7: Structural Biochemistry),
tional) work is required to fully understand the underlying  ForschungszentrdivhJGmbH, 52425id, Germany;
molecular processes. Methods used_for energy decomposition @ orcid.org/0000-0001-8613-1447; Phone: (+49) 211 81

are inherently limited by fundamentat’’ and, depending 13662; Email: gohlke@uni-duesseldorf.de; Fax: (+49) 211

on the approach, technical reasons. For example, a further 81 13847

decomposition of the solvation free energy into an enthalpic

and entropic part using MM-PBSA is not straightforward, sudd/thors _ . o
that we cannot tell whether a major proportion of the solvation Jonas Dittricts Institute for Pharmaceutical and Medicinal
free energy is determined by the losses in translational and Chemistry, Heinrich Heine Univessigtdod, 40225 _
rotational entropy of water molecules when forming solvent Dusseldorf, Germany; Bioeconomy Science Center (BioSC),
cages, which is sometimes considered to be the major cause for Forschungszentrdich)ib2425 lich, Germany;

the hydrophobic ect'*®?° Furthermore, we investigated o orcid.org/0000-0003-2377-2268 _
Comparative|y small and sing|e PNVCL O|igomer5, while MlChael. Katheb DW"LGlbﬂlZ'lnStl.tUte for Interactive
Synthesized po|ymers often vary in their molecular size and Matel’l'als and Institute of TeCh'n|Ca|' and Macromolecular
dispersity. We also neglected theience of ions here, Chemistry, RWTH Aachen University, 52056 Aachen,
although, in the case of applications where PNVCL is used as a Germany . o ) )
carrier, ions may play an important role in the coil-to-globule Anna Holzberges DWI-Leibniz-Institute for Interactive
transition. Finally, despite the extensive MD simulations Materials and Institute of Technical and Macromolecular
presented here, the construction of more detailed HMMs Chemistry, RWTH Aachen University, 52056 Aachen,
and the resolution of more metastable states during the coil-to- Germany . _

globule transition may beh&om further increased sampling.  Andrij PichS Bioeconomy Science Center (BioSC),

In summary, our combined MD simulations and exper- Forschungszentrdicthjib2425 lith, Germany; DWI-
imental study strongly suggest that upon heating PNVCL, Lelbm;-lnstltute for Interactive Matenals and Institute of
increasing intramolecular interactions betwgemdCG of Technical and Macromolecular Chemistry, RWTH Aachen
the caprolactam ring and more favorable cavity formation University, 52056 Aachen, Geraanigiorg/0000-0003-
energies outweigh the loss in polar and hydrophobic solvation, 1825-7798
as well as the loss of cgarational entropy in the coil-to- Complete contact information is available at:

globule transition and, thus, may be considered the drivingtps://pubs.acs.org/10.1021/acs.macromol.0c01896
forces of the polyniercollapse at LCST. We paid particular

attention to validating our MD simulations and (free) energyuthor Contributions

computations internally as well as against the experimentab. performed and analyzed the computational studies and
data, and to probe the impact on polymer properties angjrote the manuscript; M.K. performed the experiments,
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