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4 ABSTRACT: Extensive all-atom molecular dynamics studies of polyethylene glycol
5 (PEG2000) when solvated and in the polymer bulk condensed phases were performed across
6 a wide temperature range. We proposed two modified all-atom force field and observed the
7 fate of the PEG2000 macromolecule when solvated in water, water with 4% ethanol, and ethyl
8 acetate. In aqueous solutions, the macromolecule collapsed into a prolate spheroidal ball-like
9 structure while adopting a rather elongated coiled structure in ethyl acetate. Inspection of the
10 polymer-condensed phases across the 150−340 K temperature range enabled the atomistic
11 view of the solid glass below the glass transition temperature of 230 K < Tg < 250 K and the
12 rubber behavior above Tg. Predicted properties include the enthalpy, density, and cohesive
13 energy temperature behavior, the specific heat, thermal expansivity, thermal compressibility,
14 bulk modulus, and Hildebrand solubility parameter both below and above Tg. Within the
15 polymer matrix, the PEG2000 macromolecules were entangled displaying a wide distribution of
16 sizes that persisted when transitioning from the glass to the rubbery phases. Calculated
17 properties agree very well with experiments when available or stand as crucial predictions
18 while awaiting experimental measurement. Understanding the thermodynamics and structure of this useful polymer enables the
19 efficient prediction of its behavior when building novel composite materials for nanomedicine and nanotherapeutics.

1. INTRODUCTION
20 Polyethylene glycol (PEG) or poly(ethylene)oxide (PEO or
21 POE) is a polymer commonly used in a range of applications
22 from protein purification and separation processes, liquid−
23 liquid extraction, to drug delivery systems for biomedical
24 applications.1−3 The latter has sparked interest on PEG’s
25 ability to enhance drug encapsulation in polymeric nano-
26 particles for therapeutic applications.4−7 Polymers with
27 molecular weight (Mw) below 30,000 u are referred to as
28 PEG, while PEO or POE term polymers with higher Mw.

8 A
29 PEG aqueous two-phase system is extensively used to purify
30 biomaterials in numerous experimental and industrial
31 remediation processes.9,10 There is increasing interest in
32 phospholipid-PEG copolymers as amphiphilic materials in
33 drug delivery and imaging applications for achieving improved
34 encapsulation efficiency, enhanced nanocarrier stability, and
35 targeted functionalities.11−13 Experimentally, a high purity
36 PEG16 monomethyl ether crystallized unraveling an extended
37 helical secondary structure with 310-helix strands of different
38 handedness packed in anti-parallel fashion.14 High-purity
39 PEG2000 with a mean Mw of 2000 u is available from various
40 vendors for research applications, currently, being an
41 ingredient in the Pfizer-BioNTech, Moderna, and Janssen
42 COVID-19 vaccines.15

43 Various atomistic simulations have been done on PEG,
44 PEO, and POE. The early simulation of Tasaki16 found that
45 the solvent influences the structure of PEG in a dramatic
46 manner. Through a molecular dynamics (MD) simulation of

47POE and PEG, this author demonstrated that the polymer
48chain collapses into a ball-like structure in the gas phase but
49displays a helical structure in aqueous solution. Two atomistic
50studies17,18 found that POE does not behave as an ideal
51random coil polymer, observing that in water the polymer
52radius of gyration (Rg) varies with the concentration; the effect
53was attributed to a concentration-dependent hydrogen
54bonding content between POE and water. Another atomistic
55simulation19 analyzed PEO chains with up to 36 repeating
56units modeled with a modified C35 CHARMM in TIP3P
57water and confirmed that the power law relation between Rg

58and Mw yielded an exponent of about 0.51; the polymer
59conformations behaved as ideal coil polymers in a θ solvent20

60instead of acquiring continuous helical domains. Other studies,
61however, found conflicting conformations of PEG in aqueous
62solutions depending on the force field (FF) used.21 In another
63MD study of PEG in the water solution using the Amber FF,
64the authors report that the helical regions persist over a few ns
65for various chain lengths.22 The OPLS-AA FF was used in an
66atomistic simulation23 reporting that in water, the power law
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67 relation Rg ∝ n0.5 was satisfied, with n being the number of
68 monomers. The 0.5 exponent characterizes an ideal random
69 coil polymer chain modeled by random walk paths.20 A MD-
70 DFT study of low Mw PEG of two to five repeating units24

71 reported that intramolecular hydrogen bonding played an
72 important stabilizing role in the short oligomer structures.
73 Meanwhile, along a modeling study fitting polymer lattice
74 models of self-avoiding walks to MD simulations of PEO with
75 up to 33 repeating units in explicit water,25 it was concluded
76 that the universality class behavior for the short chains was
77 violated; the MD-simulated polymers were more compact with
78 fractal dimension 2 instead of the expected value of 1.73
79 observed experimentally in PEO with 2 orders of magnitude
80 higher Mw.

26 Recent MD studies of the polymer poly(lactic
81 acid-co-glycolic acid) in solutions27,28 demonstrated that the
82 restrained electrostatic potential atomic charge scheme29

83 reproduced mechanical properties of the polymer more
84 accurately to the experimental values than the bond charge
85 correction method applied by default in the generalized Amber
86 FF (GAFF).30 For PEG, two approaches reached similar
87 observations when implementing the FF with more appro-
88 priate atomic charges, the CHARMM C3631 and the OPLS-
89 AA.32 MD simulations addressing the behavior of PEGylated
90 compounds, including proteins and peptides, in both implicit
91 and explicit solvents are abundant and covered in a recent
92 review paper.33

93 Efforts in the direction of coarse-grained modeling have
94 been undertaken for studying larger PEG macromolecules.
95 Typically, in these coarse-grained approaches, one monomer
96 unit −[O−CH2−CH2]− is represented as a united super atom.
97 A coarse-grained model34 was developed based on a battery of
98 atomistic simulations of DME and POE short chains.35 These
99 authors were able to reproduce structural properties but
100 acknowledged that their approach would not be useful for
101 simulating dynamic and thermodynamic properties of POE in
102 solution. Another group36 fitted their coarse-grained model to
103 atomistic reference simulations and experimental data. They
104 report finding a decreasing Rg as the polymer concentration
105 increases, in agreement with small-angle neutron scattering
106 measurements. The MARTINI coarse-grained model37 was
107 used to MD simulate the formation of PEG-lipid patches on
108 nanoparticles,13 pointing out to the substantial physical
109 unknowns in the aggregation processes that preclude the
110 coarse-grained model38 for the patches’ fine structure
111 determination. Hybrid all-atom/coarse-grained modeling has
112 been attempted,39 showing dependence of PEG chains
113 hydration with polymer length for oligomers with 20 or less
114 repeating units.
115 In this work, we develop new PEG atomic charges for the
116 all-atom GROMOS 54A740 FF and for the GAFF 202030

117 aiming to follow with MD the structural fate of PEG2000
118 solvated in water, water−ethanol, and ethyl acetate. Moreover,
119 with our custom FF, we analyzed the thermodynamic and
120 structural characteristics of the condensed phases of a system
121 of 216 PEG2000 macromolecules along the caloric curve
122 spanning a wide temperature range. These results compared
123 very well with the experimental values available in the
124 literature. The paper is organized as follows. In Section 2, we
125 describe the simulation protocol used and construct the
126 molecular model for PEG2000. Section 3.1 has results and
127 discussion of a single PEG2000 macromolecule in various
128 solutions and reports on the various properties of the polymer
129 conformations. We then apply our implemented FF to a

130condensed system of PEG2000 macromolecules, along with the
131reporting of multiple properties of the condensed phases
132within a 150−340 K temperature range at ambient pressure, as
133discussed in Section 3.2. Section 4 concludes this paper. The
134Supporting Information provides plots, tables, and FF
135parameter files that supplement the material in the sections
136of this paper.

2. METHODS AND MODELS
137A PEG macromolecule of 2000.34 u Mw, H−(O−CH2−
138CH2)45−OH, is composed of 45 ethylene oxide repeating units
139with a total of 318 atoms. We refer to this macromolecule as
140PEG2000. The atomic charges for the all-atom GROMOS 54A7
141FF40 were determined for 44 backbone repeating units
142−(CH2−O−CH2) with mass m = 44.05176 u and two end
143residues −(CH2−OH) with mass m = 31.03322 u. Thereafter,
144the repeating units and end residues are termed monomers.
145The initial PEG2000 chain structure to be solvated in the three
146solvents was a helical strand,14 visualized in Figure S1 of
147Supporting Information. The helical structure was further
148optimized using the automated topology builder,41 and the
149Mulliken atomic charges were collected. This process
150determined the FF parameters, including the atomic charges
151 t1listed in Table 1. Bond interactions were modeled with the

152Morse potential. Following an equivalent procedure, FF
153parameters were determined for ethanol, while atomic charges
154for ethyl acetate were developed previously within our group.27

155All other FF parameters are included in the topology files
156provided in the SI appendix. The SPC/E and TIP4P models
157were used for water.
158In order to simulate three solution systems of approximately
159the same final volume that held comfortably inside one
160elongated PEG2000 macromolecule, three cubic computational
161boxes with 10 nm edge length were built. Each system was
162initialized with one solvated macromolecule by adding to the
163computational boxes a number of solvent molecules consistent
164with the pure solvent experimental densities reported in Table
165S2 of Supporting Information. This process led to solution
166systems with 33,959 water molecules, 31,131:506 water/
167ethanol molecules, and 6100 EA molecules. Initially, the
168solvated macromolecule was in its helical structure, while the
169solvent molecules were all identical but placed randomly
170within their box. Each system was relaxed by minimizing the
171full configuration potential energy. The relative PEG2000
172concentration by mass in these systems was 0.333% in the
173water and water/ethanol systems and 0.37% in the EA system.
174MD simulations were performed using the GROMACS
1752019−202042−45 software package and both, the all-atom
176GROMOS 54A7 FF and GAFF, with our custom generated
177atomic charges. Extensive NVT and NPTMD simulations were
178run with the GROMACS implementation of the temperature
179rescaling and Berendsen pressure couplings,44 the velocity

Table 1. Partial Atomic Charges Used in the GROMOS
54A7 Force Field

end residue monomer backbone monomer

atom qi (e) atom qi (e)

HO 0.189
O −0.313 O −0.272
C 0.062 C 0.054
HC 0.031 H 0.041
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180 Verlet integrator, a 1 fs time step, periodic boundary
181 conditions, and a cutoff of 1.5 nm. The Verlet neighbor list
182 scheme with a buffer of 5.0 × 10−5 and the particle mesh Ewald
183 long-range electrostatics with a grid spacing of 0.15 nm and
184 interpolation order of 6 were used. Simulations were first NPT
185 equilibrated for 8 ns at 300 K and 101.325 kPa, which ensured
186 fluctuations in the density of less than 0.2%. Solution densities
187 and enthalpies are reported in Table S2 and Figure S2 of
188 Supporting Information. This equilibration was followed by a
189 short NVT MD conducted at 300 K for 5 ps such that the
190 system transitioned smoothly to subsequent MD NVE
191 simulations calculated in double precision to ensure energy
192 conservation. Specifically, each of the two aqueous systems was
193 NVE re-equilibrated for 8 ns with the temperature fluctuating
194 about ±1% around 300 K. Properties were averaged over the
195 last 2 ns. Meanwhile, in the case of the PEG2000 in EA, the
196 system was NVE monitored for 25 ns. Properties were
197 calculated over the last 2 ns of these runs and the full
198 configurations of the polymer and solvent were saved every 2
199 ps for further analysis.
200 Properties of PEG2000 in solution reported in Section 3.1
201 were obtained from the saved configurations. The polymer
202 inherent structure46 was calculated by minimizing the PEG2000
203 molecule while restraining all the solvent molecules to be fixed
204 and still. Minimizations were done with the steepest descent
205 method and a round-robin approach, where 10% of the atoms
206 were minimized at a time followed by a final minimization of
207 all atoms. The following properties were calculated systemati-
208 cally: the minimized potential energy of PEG2000 (Umin), the
209 interaction energy with the fixed solvent Uint = Utotal −
210 (U f i x e d s o l v e n t + Um i n ) , t h e r ad i u s o f gy r a t i on

211
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214 Here, n is the number of monomers, M and rcm are the full
215 macromolecule mass and center of mass position, respectively,
216 while mi and ricm are the monomer masses and center of mass
217 positions, respectively. The αi are angles between the vectors
218 joining the centers of mass of two contiguous monomers and
219 the polymer director vector joining the centers of mass of the
220 chain end monomers. The dihedral angle ϕ was calculated
221 between four contiguous monomer centers of mass.
222 For the condensed phases system of the PEG2000 polymer,
223 many macromolecules were placed in a computational box
224 interacting with our developed all-atom GROMOS 54A7 FF
225 parameters. As mentioned later in Section 3, one PEG2000 in
226 water collapses into a globular structure. One of these
227 structures was selected and positioned with random
228 orientations at the sites of a 6 × 6 × 6 cubic lattice to build
229 a condensed system with 216 PEG2000, which sums up to
230 68688 atoms. A simulation workflow we implemented recently
231 was followed.28,49 First, a steepest decent minimization was
232 performed followed by an NPT MD equilibration run of 50 ns
233 at 400 K and 101.325 kPa. Constraints on the hydrogen atoms
234 were applied with the LINCS algorithm (lincs-order = 4). All
235 other simulation parameters were the same as for the single
236 macromolecule in solution. This completed the initial system
237 construction at 400 K for further condensed system
238 simulations. With the purpose of generating initial config-
239 urations at reasonable system densities for a selected set of 20
240 temperatures between 340 and 150 K, the system was NPT re-

241equilibrated for 5 ns at 400 K and a fast cooling scan to 150 K
242was performed with a linear decrease in temperature over
243thirteen million time steps. From this simulation scan, 20 initial
244system configurations with temperatures spaced by 10 K
245between 150 and 340 K were identified; each of these
246configurations served to initiate an independent 16 ns NPT
247MD equilibration/production run at the corresponding
248selected temperature and 101.325 kPa. This collection of
249simulations yielded 20 independent system samples at each of
250the 20 selected temperatures with well-equilibrated density at a
251pressure p = 101.325 kPa. Each of these runs entailed an
252implementation using 24 cores with 4 GPUs in the accessed
253supercomputing cluster.
254For determining thermodynamic and energetic properties of
255the condensed phases, the reported property averages and
256fluctuations were calculated from the last 4 ns of the NPT
257simulations performed for each of the 20 system samples. For
258the energetic properties, additional 8 ns NVT MD runs were
259performed at the equilibrium density of each of the 20 samples
260at their assigned temperatures, with the last 4 ns used for
261calculating the reported energy averages. The resulting data
262enabled to describe the caloric curve, enthalpy as a function of
263temperature H(T) at 101.325 kPa. Volume V and density ρ
264were also recorded as a function of T at that pressure. Two
265thermodynamic response functions, isobaric heat capacity Cp =
266(∂H/∂T)p and volumetric thermal expansion coefficient αT =
267V−1(∂V/∂T)p, were calculated from the caloric curve. Mean-
268while, the fluctuations of the enthalpy and system volume were
269collected along additional NPT MD runs of 6 ns for calculating
270the Cp = (⟨H2⟩ − ⟨H⟩2)/(kBT

2) and the isothermal
271compressibility κT = (⟨V2⟩ − ⟨V⟩2)/(kBTV), with kB being
272the Boltzmann constant. The bulk modulus B was obtained

273from the inverse of κT, while the sonic velocity ρ=s B/ .
274From the NVT simulations at temperatures between 150 and
275340 K, the potential energy Ui of each of the 216 PEG2000
276molecules were individually recomputed enabling the calcu-
277lation of the cohesive energy Ecoh = ∑i=1

216Ui − Etotal, which is
278closely related to solubility properties, including the Hilde-

279brand solubility parameter δ = E V/h coh m , where Vm is the
280molar volume of the sample.50,51

3. RESULTS AND DISCUSSION

2813.1. PEG2000 Macromolecule in Solution. The impor-
282tance of the solvent effect on the structure of the PEG2000
283macromolecule was evidenced by the multiple MD simulations
284described in this section. In vacuo at 300 K, the initial PEG2000
285helical chain collapsed into a prolate spheroid-like structure of
286small Rg, as shown in Figure S2 of Supporting Information.
287Three properties, Rg, Dee, and Z, change dramatically from
2883.34, 11.01, and 0.38 to 0.71, 1.86, and 0.08 nm, respectively.
289This behavior is consistent with previous results in the gas
290phase16 and the chain-folded prolate spheroid structure Rg is in
291agreement with other free macromolecule simulations.52

292Meanwhile, NPT MD simulations at an average temperature
293of 300 K showed that PEG2000 in two aqueous solutions
294collapsed into a similar prolate spheroid-like structure in about
2953−5 ns, maintaining subsequent Rg fluctuating values without
296major extensions over time. The relaxation toward equilibrium
297of both, the Rg and Dee values, is depicted in Figure S3 of
298Supporting Information. The Rg relaxation behavior is
299comparable to previously reported values of this macro-
300molecule in water while tethered on one end to a protein
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301 peptide.53 However, the macromolecule in EA kept itself quite
302 elongated even after 70 ns. Indeed, the backbone chain
303 maintained random-like bends more typical of an extended
304 random coiled polymer modeled by self-avoiding random
305 walks in a good solvent,54 where the macromolecule−solvent
306 interaction enhancing the excluded volume favored elongated
307 coiled conformations. In fact, in EA, the solute−solvent
308 dispersive interactions (Lennard Jones) were stronger than the
309 electrostatic interactions, in contrast of what was observed in
310 the two aqueous solutions. Dominance of dispersive over
311 Coulomb interactions has been observed in simulations of
312 PEG-monolaurate in ethanol.55 As a test, a second simulation
313 of PEG2000 in EA was initiated from the prolate spheroid-like
314 structure obtained in vacuo and yet, the polymer opened up
315 and behaved similarly to our primary simulation after a few
316 nanoseconds at 300 K. Figure S3 of Supporting Information
317 illustrates the time relaxation of both, Rg and Dee, evidencing
318 the macromolecule collapse into globular structures in aqueous
319 solutions and the persistence of elongated coiled macro-
320 molecular conformations when solvated in EA. Sample
321 instantaneous structures of PEG2000 in the three solvents

f1 322 taken from the equilibrated systems are shown in Figure 1.For

323 each of the three cases studied, the previously saved 1001
324 configurations (2 ns) from the MD-production region at 300 K
325 constituted an ensemble of structures that were minimized
326 with restrained solvent molecules to unravel the inherent
327 structure. On the average, five PEG2000 properties had the
328 following values in water: Umin = 338 ± 30 kJ/mol, Uint = −
329 859 ± 50 kJ/mol, Rg = 0.73 ± 0.02 nm, Dee = 1.0 ± 0.3 nm,
330 and Z = 0.1 ± 0.1, where ± stands for one time the standard
331 deviation. Averages of PEG2000 in water with 4% ethanol are

332similar to those in pure water, except that Uint is more repulsive
333and Dee shorter, indicating a tendency of the ethanol molecules
334of inhibiting free flapping of the macromolecule ends: Umin =
335359 ± 34 kJ/mol, Uint = −883 ± 52 kJ/mol, Rg = 0.74 ± 0.03
336nm, Dee = 0.6 ± 0.3 nm, and Z = 0.02 ± 0.09. In EA, the
337properties related to size showed a significant molecular
338expansion, the polymeric chain swells increasing the excluded
339volume. This macromolecule is very flexible evidenced by the
340Dee behavior over the simulated or averaged times, not
341excluding that the spanned region of values would be different
342in longer or alternative simulations. Meanwhile, the energetics
343evidenced a pronounced stabilization of the polymer structure
344due to a strongly increased interaction with the solvent.
345Averages obtained were Umin = 721 ± 30 kJ/mol, Uint = −1623
346± 62 kJ/mol, Rg = 2 ± 0.1 nm, Dee = 5.8 ± 0.8 nm, and Z =
347 f20.05 ± 0.1. Histograms in Figure 2 illustrate the PEG2000 Rg

348and Dee distributions of the solute inherent structure. The
349fluctuations of these properties were indicative of a very flexible
350polymer in the three solvents studied. The PEG2000 properties
351in solution (potential energy PE, interaction energy with the
352solvent PEint, Rg, Dee, and Z) minimized along the 2 ns MD
353production runs at 300 K are provided in Figure S4 of
354Supporting Information. Additionally, the two aqueous systems
355were also simulated using the TIP4P for water. Values of the
356above mentioned polymer properties with this alternative
357water model were within the standard deviation of results listed
358above when using the SPC/E model.
359Another interesting property is the distribution of dihedral
360angles (ϕ) between the monomer centers of mass of PEG2000.
361We computed these ϕ for the set of the minimized
362configurations. In total, 43,043 dihedral angles were collected,
363 f3histograms of which are shown in Figure 3. In two aqueous
364solutions, the macromolecule dihedrals were predominantly
365below 40° showing a smooth decrease in the frequency as
366angles increased. This is clear evidence that PEG2000 preferred
367to be folded onto itself giving rise to the globular shape. In
368ethyl acetate, however, the distribution was almost uniform

Figure 1. Sample structures of PEG2000 in the system equilibrated at
300 K. (a) in water, (b) in mixed water with 4% ethanol, and (c) in
ethyl acetate. Color scheme: carbon (gray), oxygen (red), hydrogen
(white).

Figure 2. Rg and Dee distributions of PEG2000 in solution. Blue is one
PEG2000 in water, gold is in water with 4% ethanol, and green is in
ethyl acetate. Distributions are calculated from the ensemble of the
minimized MD configurations corresponding to the inherent structure
of the solute in solution.
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369 with a gentle slope favoring slightly the low dihedral angles.
370 Such uniformity was expected from PEG2000-acquired
371 elongated random coiled bends that only fold onto itself for
372 short times due to the flexibility of the macromolecule
373 backbone.
374 Contemporarily to this paper submission, we completed the
375 modeling of PEG2000 and ethanol with GAFF implemented
376 with our custom generated RESP atomic charges.27,28

377 Parameters of this alternative FF are reported in the
378 Supporting Information appendix. The most important
379 difference with our previously described FF are the atomic
380 charges. Our custom RESP approach diminishes the over-
381 polarization afforded by the Hartree−Fock with 6-31G* basis
382 set quantum mechanics approach56 implemented in both, the
383 automated topology builder41 and the original RESP
384 method.29 Partial charges matter the most for phenomena in
385 aqueous solutions. Thus for two aqueous solutions, we
386 repeated the MD simulations of the macromolecule now
387 modeled with GAFF-RESP in SPC/E water exactly as
388 described in previous sections and obtained very similar
389 quantitative results. Indeed, the equilibrated densities of the
390 solutions reported in Table S2 of Supporting Information were
391 identical, the PEG2000 macromolecule folded in a prolate
392 spheroid-shaped structure with Rg, Dee, and dihedral angle
393 distributions very similar to the histograms of Figures 2 and 3.
394 Summarizing, we are confident that in two aqueous solutions
395 studied with a solute concentration of 0.33% by weight, the all-
396 atom MD simulations at 300 K predict a fast structural
397 relaxation of the PEG2000 macromolecule onto a prolate
398 spheroid-globule.
399 It is known experimentally26 that PEGs in water display an
400 upper critical solution temperature (UCST) and lower critical
401 solution temperature (LCST) of about 265 and 400 K,
402 respectively. It is also confirmed that aqueous solutions of
403 PEGs of 105 u and larger Mw at 303.15 K follow the power law
404 Rg ∝ Mw

ν with the exponent ν = 0.6 associated with a good
405 solvent. It is also known that the polymer crystallizes in that
406 size regime. However, for PEGs with Mw in the oligomer
407 regime such as PEG2000, the ν exponent is around 0.5 (its
408 inverse gives the corresponding fractal dimension of 2).22,39,53

409 The solid phase of these oligomer-regime macromolecules
410 below 205−250 K is not crystalline.50 It is additionally believed

411that the size of the oligomers is too small for allowing the
412packing of water molecules in the neighborhood of the ether
413oxygens in a random coil structure. Thus, as a response to the
414strong electrostatic interaction with the water, the macro-
415molecule tends to minimize the intramolecular excluded
416volume that consequently gives rise to a compact structure.
417Coarse-grained modeling to overcome this size deficiency was
418undertaken57 through the introduction of temperature-depend-
419ent parameters in the interaction model, which conceptually
420are difficult to justify from the quantum and classical modeling
421perspectives. In contrast, an organic solvent of low polarity,
422such as ethyl acetate, displays, under the same modeling
423approach as in water, much stronger dispersive interactions
424with the PEG2000 that overcome the electrostatic interactions
425and are able to promote more stretched-out coils in the
426macromolecule that allow a closer solvent proximity,
427decreasing the solvent−solute excluded volume at the expense
428of enhancing it intramolecularly. In fact, without that ability,
429other than water, polar solvents are prone to producing
430globular structures of the solvated macromolecular solutes at
431temperatures between the UCST−LCST.
4323.2. Condensed Phases of PEG2000. The condensed
433system consisted of a cubic box with 216 PEG2000 macro-
434molecules. The first goal was generating the caloric curve,
435enthalpy as a function of temperature. As described in Section
4362, independent samples of the system were NPT equilibrated
437at 20 temperatures between 150 and 340 K yielding the caloric
438 f4curve depicted in Figure 4a. As expected, the system enthalpy
439increased as the temperature increased, a characteristic of the
440condensed matter. Illustrated in Figure 4b is the volume of the
441condensed system versus temperature revealing an inflection
442point at around 240 K. To guide the eye, two linear least

Figure 3. Distribution of PEG2000 dihedral angles calculated between
the monomers centers of mass when solvated in water (blue), in
mixed water/ethanol (gold), and in ethyl acetate (green).
Distributions are calculated from the ensemble of the minimized
MD configurations corresponding to the inherent structure of the
solute in solution.

Figure 4. Enthalpy (a) and volume (b) of PEG2000-condensed phases
as a function of temperature at p = 101.325 kPa. The inflection point
in the volume reveals the glass transition temperature Tg at about 240
K. The linear regression lines are calculated with a custom
implementation that minimizes the square error of the fit.
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443 squares fits were performed for each property along the 9
444 lowest and the top 10 temperature points. The clear inflection
445 point of the volume at around 240 K was identified as the glass
446 transition temperature Tg. Below Tg, the system-condensed
447 phase was an amorphous glass. Above Tg and below the
448 melting temperature, the system was in a supercooled region,
449 termed rubber phase in polymer physics. A visual addition to
450 Figure 4b is the density as a function of the temperature plot of
451 Figure S5 of Supporting Information that shows the inflection
452 region around 240 K. The inflection region in polymers is
453 typical of amorphous systems transitioning from the rubber-
454 like state into the glass-like state. The transition temperature
455 region around Tg is, however, a characteristic of the particular
456 polymer with a range 170−500 K across all known synthetic
457 polymers. The more flexible polymers are the lower the Tg
458 region is observed. It was additionally observed that the system
459 density displayed significant increments from the initial
460 configurations as the system approached Tg from higher
461 temperatures. Our Tg determination is in very good agreement
462 with the reported experimental results of 202−25150 and 250
463 K for PEG4000

58 despite our in silico cooling rate of 0.47 K/ns,
464 which is orders of magnitude faster that the laboratory
465 experiments. In particular, a calculated average density of 1209
466 kg/m3 at 290 ± 1.2 K compares excellently with 1210 kg/m3 at
467 293 K reported by commercial suppliers. The caloric curve
468 analysis permitted an immediate determination of the specific
469 heat, Cp, of 2.43 kJ/(kg K) below Tg and 2.75 kJ/(kg K) above
470 Tg, which are somehow larger than the measured 2.16 kJ/(kg
471 K).50 However, the reported experimental samples are
472 composed of macromolecules of different Mw, thus density
473 and specific heat capacity differences are expected. For
474 example, a Cp in the range 1.95−2.40 kJ/(kg K) was recently
475 reported for a sample of PEG1500,

59 while measurements at T =
476 292 K yielded a value of Cp = 1.81 ± 0.04 kJ/(kg K) for
477 PEG2000

60 with a sharp decrease at lower temperatures. The
478 determination of the glass transition is dependent on the rate
479 of cooling used in the experiments more than on the
480 composing macromolecule mass as reported to be Tg of 213
481 K for PEG ranging from 3000 to 22,000 u, irrespective ofMw.

61

482 In addition, several other properties of the condensed phases
t2 483 are calculated and listed in Table 2. Figure S6 of Supporting

484 Information depicts these properties obtained from fluctua-
485 tions in the NPT simulations within the temperature range of
486 180−320 K. These fluctuation-based results did not yield
487 smooth curves as a function of increasing temperature, which
488 leads us to adopt estimates based on averaging data points
489 below and above Tg resulting in the values reported in Table 2.

490The Cp estimates match extremely well the values obtained
491from the enthalpy in Figure 4a.
492The αT estimates also closely match the reported values of
4932−3 × 10−4 at temperatures below 300 K and around 6 × 10−4

494at higher temperatures for PEG1000 and PEG6000.
62 This

495reported αT value jump, however, occurred around 300 K,
496when the polymer being above Tg is either a soft amorphous
497solid or a dense liquid. The authors in that work made no
498mention to the glass transition temperature. Surprisingly, there
499exists a limited experimental literature study for the thermal
500compressibility and bulk modulus of PEG. However, our
501results for these properties are within the range of known
502values of polymers with similar characteristics.50

503The PEG2000 cohesive energy Ecoh in the condensed phases
504 f5as a function of temperature is shown in Figure 5. As expected,

505the Tg evidenced in the region 230−250 K from our previous
506analysis is also apparent from this energetic analysis. From
507these results and the volume temperature dependence of
508Figure 4b, we predict the Hildebrand solubility parameter δh =
50922.1 MPa1/2 at 300 K. Our result compares very favorably with
510other theoretical and experimental reported values between 18
511and 25 MPa1/2, with most reported values being 21−22
512MPa1/2.51,63,64 Figure S7 of Supporting Information illustrates
513the trend of δh as a function of temperature. Considering that
514solid polymer substances with δh similar to that of a solvent
515will solvate well,65 we re-assert our findings of Section 3.1 that
516ethyl acetate, with a solubility parameter of 18.2 MPa1/2,
517solvates adequately the PEG2000 condensed sample around 300
518K. Indeed, PEG2000 solid samples are soluble in EA at ambient
519conditions. However, we predict that this polymer solubility in
520EA decreases as the temperature decreases toward the EA
521freezing point. On the other hand, water has a δh of 48 MPa1/2,
522which is above most Hildebrand solubility parameters of solid
523samples of linear polymers. We have demonstrated in the
524past27 that SPC/E or TIP3P water and EA display a clear
525liquid phase separation, which is expected due to their very
526different δh; these liquids do not mix. Water is a hydrogen
527bonded, polar, liquid for which other metrics than a
528comparison between δh needs to be considered when
529evaluating solubility. In the case of PEGs and other thermo-
530responsive polymers displaying UCST−LCST, determining

Table 2. Properties of PEG2000 Condensed Phases Derived
from the Caloric Curve and From Fluctuations in the NPT
Simulationsa

from Figure 4 from fluctuations

<Tg >Tg <Tg >Tg

Cp (kJ kg
−1 K−1) 2.43 2.75 2.4 2.8

αT (K−1 × 10−4) 2.7 4.2 2.7 3.9
κT (GPa−1) 0.06 0.10
B (GPa) 17.1 11.7

aSpecific heat capacity Cp, thermal expansion coefficient αT, thermal
compressibility κT, and bulk modulus B. Values below Tg (<Tg)
correspond to 150−230 K. Values above Tg (>Tg) correspond to
250−320 K.

Figure 5. Cohesive energy of the PEG2000 condensed phases as a
function of temperature for the system with N = 216. At 240 K there
is a 3.3852 kJ/N difference between the two fitted lines indicative of a
non-linear temperature dependence in the 230−250 K region.
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531 solubility metrics of the solid samples is complex. More specific
532 experimental evidence is currently needed.
533 Inspection of the overall size distribution that the macro-
534 molecules acquired in the condensed phases, as shown in

f6 535 Figure 6, is indicative of the extensive accommodation that the

536 macromolecules undergo within the computational box, both
537 elongating and entangling. In fact, the distributions of Rg and
538 Dee shown in Figure 6 (top and middle) at 180 and 300 K are
539 consistent with random coiled structures that have elongated
540 significantly from the initial globular structures. Indicative of
541 entanglement between macromolecules was the broad range of
542 Dee with macromolecules having very close end monomers to
543 others with considerable separation between their end
544 monomers. The distribution of the dihedral angles of all the
545 PEG2000 macromolecules in the system was quite uniform at all
546 the inspected temperatures, similarly to what is shown in
547 Figure 3 for one macromolecule solvated in ethyl acetate.
548 Meanwhile, Figure 6 (bottom) depicts the distribution of the
549 internal potential energy of the macromolecules at low and
550 ambient temperatures, with both distributions being well fitted
551 by two Gaussian functions peaked at 1469 ± 63, 1382 ± 56 kJ/
552 mol at 180 K, and 1749 ± 63, 1656 ± 58 kJ/mol at 300 K. At
553 low temperatures, the system is a solid with a small group of

554macromolecules that have lower potential energy due to their
555smaller Rg. As the system transitioned to a softer condensed
556phase state, the macromolecules were more extended but due
557to the entanglement their stretching remained hindered.
558The radial distribution function g(r) between the PEG2000
559monomers centers of mass of different polymer chains at T =
560 f7180 K and T = 300 K is illustrated in Figure 7a and is

561calculated from eq S1 of Supporting Information. This
562function clearly indicates below Tg a polymer amorphous
563glass structure that persists at 300 K indicating that the rubber
564phase structure is also amorphous. Peculiar of this system
565structure is that all peaks have approximately the same height
566instead of favoring the first peak as a larger population of first
567neighbors and subsequent peaks vanishing in height. This
568effect reflects how strongly spatially correlated the monomers
569are which is further exacerbated by the entanglement occurring
570in the sample. A similar effect was observed recently when
571analyzing the liquid state.32 Concurrently, Figure 7b shows the
572radial distribution for hydrogen−oxygen distances between
573different macromolecules. The small peak between 0.15 and
5740.20 nm is indicative of eventual hydrogen bondings. A close
575inspection of the configurations revealed that only the
576hydrogen atoms of the end hydroxyl groups were accom-
577modating within distances and bond alignments compatible
578with hydrogen bonds between macromolecules. Indeed, at 180
579K, about 60% of these hydroxyl H atoms were involved in
580hydrogen bond formations with the hydroxyl oxygen atoms of
581other macromolecules and persisted for at least 200 ps.
582However, at 270 K, only about 46% of the hydroxyl H atoms
583were involved in hydrogen bondings. Tracking over time 10 of
584the latter H−O pairs for 200 ps showed that five H separated
585immediately, one separated after 20 ps, another moved to an
586adjacent oxygen of a nearby hydroxyl at 20 ps and remained
587there, while yet another separated after 80 ps, and two pairs
588persisted within the hydrogen bond distance and angle

Figure 6. Distributions of PEG2000 macromolecule properties in the
condensed phase at 180 (a) and 300 K (b). Top: Radius of gyration
Rg. Middle: end-to-end distance Dee. Bottom: macromolecules
internal potential energy; the two Gaussian functions depicted
green are a non-linear least squares fit to the overall energy
distribution.

Figure 7. Intermolecular radial distribution functions g(r) at 180 and
300 K. (a) Between the PEG2000 monomers centers of mass of
different macromolecules and (b) between the oxygens (ether or
hydroxyl) and hydrogens (bonded to all heavy atoms) of different
macromolecules. Functions were calculated according to eq S1 of
Supporting Information that includes the system number density in its
normalization.
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589 between donor and acceptor bonds during the entire 200 ps
590 time stretch. Meanwhile, at 340 K about 33% of the hydroxyl
591 H atoms met the hydrogen bond criteria although none of
592 them persisted longer than a few ps. It is evident that these
593 inter-macromolecules hydrogen bonds play a role in the glassy
594 phase while becoming transient, coincidental, encounters
595 above Tg, consistent with the system transitioning to a soft
596 amorphous and dense liquid as temperature increases.

4. CONCLUSIONS
597 In summary, we have modeled a novel protocol for analyzing
598 the PEG2000 polymer material by simulating at the nanoscale
599 the polymer behavior when solvated in various solvents and in
600 its condensed phases. This unique inspection enables an
601 effective determination of the macromolecular structure in
602 solution and a robust property identification of the highly
603 entangled glassy polymer matrix. Indeed, PEG2000 in water and
604 in water with 4% ethanol collapses into a prolate spheroid
605 structure that continuously rearranges within its prolate
606 spheroid-like volume aided by the strong electrostatic
607 interaction with water that counteracts the intramolecular
608 dispersive forces producing an excluded volume depletion.
609 Contrarily, PEG2000 in ethyl acetate resembles an elongated
610 random coiled polymer in a solvent capable of maintaining a
611 swollen coiled structure favored by dominant solute−solvent-
612 dispersive interactions that hinder the aggregation with other
613 macromolecules and enhance the adsorption to other solid
614 polymer surfaces interfacing with ethyl acetate such as
615 polymeric nanoparticles of interest for drug delivery.13

616 The condensed phases of only a few polymers have been
617 inspected from all-atom simulations. This article provides a
618 critical examination of a number of PEG2000 properties
619 calculated from atomistic simulations that are comparable to
620 experiments and several others that await experimental
621 determination. Highlighting results that contribute to building
622 PEG2000 nanoarchitectures include the enthalpy, density, and
623 cohesive energy as functions of temperature within the 150−
624 340 K range, the thermal expansivity, thermal compressibility,
625 the bulk modulus, cohesive energy, and Hildebrand solubility
626 parameter. Other key calculated factors include the radial
627 distribution function at temperatures below and above the
628 glass transition Tg, indicating that the glassy structure persists
629 even at ambient temperatures. Indeed, insights from the
630 analysis of the individual PEG2000 macromolecules within the
631 polymer matrix reveal the presence of a wide range of sizes
632 covering radii of gyration within the 0.8−1.8 nm range, both at
633 temperatures below and above Tg. The calculated features
634 including Tg within 230−250 K, a density of 1209 kg/m3 at
635 290 K, and a specific heat Cp of 2.75 kJ/(kg K) at temperatures
636 above Tg are in very good agreement with known experimental
637 values. In a nutshell, this work provides a detailed analysis at
638 the atomic scale of PEG2000 in solution and in its condensed
639 phases useful for the challenges and future opportunities in
640 developing composite materials for nanomedicine and nano-
641 therapeutics.
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