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Abstract

This study is seeking a better understanding of polyethylene glycol (PEG) as a solvent
to promote its use in chemical synthesis. The effect of adding two solutes of interest,
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and 5-tert-butylisophthalic acid (5-TBIPA) to
PEG200 (average molar weight of 200 g-mol~") on the solution density, viscosity, and self-
diffusion coefficients is monitored in a temperature range of 298.15-358.15 K to deduce
how these solutes interact with the PEG200 solvent. The effect of water, the most com-
mon impurity in PEGs, is also monitored and found to be nearly negligibly small. Addi-
tion of (5-TBIPA) increases solution density and viscosity. Combined with the observation
that 5-TBIPA consistently self-diffuses at about half the rate as PEG200 at all investigated
experimental conditions, this suggests strong attractive solute—solvent interactions likely
through hydrogen bonding interactions. In contrast, addition of TEMPO causes lower solu-
tion densities and viscosities suggesting that the solute—solvent interactions of TEMPO
lead to an overall weakening of the intermolecular interactions present compared to neat
PEG200. Inspection of the viscosity and self-diffusion temperature dependence reveals
slight deviations from the Arrhenius equation. Interestingly, the activation energies
obtained from the viscosity and the self-diffusion data are essentially identical in values
suggesting that the same dynamic processes and thus the same activation barriers govern
translational motion and momentum transfer in these PEG200 solutions.
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1 Introduction

Polyethylene glycol (PEG, H-[O-CH,—CH,],—OH) has experienced increased interest as
an alternative solvent for chemical synthesis, which several recent review articles on this
subject demonstrate [1-3]. PEG is widely and relatively inexpensively available because
it is an industrial commodity with an annual production of about 500,000 tons per year
[4] mainly for the personal and healthcare industries [5—7]. PEG is commercially available
as polydisperse mixtures. The product name indicates the average molar weight. Lower
molar weight PEGs such as PEG200, where the average molar weight is approximately
200 g-mol_l, are liquid at ambient conditions.

Several properties of lower molar weight PEGs are very favorable compared to tradi-
tional organic solvents. PEGs are non-toxic, possess a low vapor pressure, which reduces
exposure through inhalation, and they are biodegradable [8]. Lower molar weight PEGs
can dissolve a wide range of chemicals including some mineral salts [9], which allow them
to be advantageously used as a medium for making metal organic frameworks (MOFs) [10,
11]. A physicochemical understanding of PEGs as a solvent would be desirable to aid the
continuing research efforts of using PEGs as a medium for chemical synthesis. As recently
reviewed [12], relevant physicochemical studies are unfortunately very limited. Therefore,
our laboratory has recently focused on the physical properties density, viscosity, and self-
diffusion coefficient [13, 14] to investigate the effect of water and PEG200 composition
(vendor source) on these properties and how generally these properties can be derived from
knowledge of PEG composition and the properties of the neat ethylene glycol oligomer
components. It was found that these three physical properties show only very small, if any,
dependence on both water content up to about 0.15 mol fractions and mixture composi-
tion. Volumetric properties displayed ideal mixing behavior, and even the viscosities and
self-diffusion coefficients of PEG200 (as well as a binary mixture of tri- and hexaethylene
glycol) could be reasonably well obtained from summation of the mole fraction weighted
property contribution of each neat oligomer. This study is a continuation of these efforts
where the effect of a couple of different solutes on these properties was investigated. The
solutes chosen were 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and 5-tert-butylisoph-
thalic acid (5-TBIPA). Their chemical structures are shown in Scheme 1. TEMPO is a sta-
ble free radical important in chemical transformations [15], in particular as redox catalyst
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Scheme 1 Chemical structure of
2,2,6,6-Tetramethylpiperidiny- o | |
loxyl (TEMPO) and 5-tert-butyl-

|
isophthalic acid (5-TBIPA) . Fg&i\j)ﬁ'éil HO OH
3 3

TEMPO 5-TIBPA

[16]. TEMPO has also been frequently used as a spin probe [17] and spin label [18] for the
study of intermolecular interactions and elucidation of structural details. TEMPO was also
chosen for this study to aid the increasing research area of dynamic nuclear polarization
(DNP) in NMR spectroscopy where the presence of a compound with unpaired electrons
as polarization agent is required, and many polarization agents are based on TEMPO as
the free radical moiety [19-25]. 5-TBIPA was chosen because it is one possible reagent to
form MOFs [11]. 5-TBIPA is somewhat larger in size as TEMPO and possesses different
functional groups. Both compounds are sufficiently soluble in PEG200 to allow for solute
concentration-dependent measurements.

Physical property studies of binary systems involving PEG200 have been reported in
the literature. These all involved a second liquid (solvent) that is completely miscible with
PEG200. Most of these studies measured density to obtain excess molar volumes [26—43].
In a similar vein, many of these and other reports investigated additional physical prop-
erties including viscosity [27, 30-32, 34-37, 3941, 44-46], index of refraction [26, 27,
29-39, 41-47], relative permittivity [38, 44, 45], enthalpy of mixing [27], heat capac-
ity [36], and speed of sound [29, 37, 43]. We are only aware of one study focusing on
PEG200 solutions with dissolved solid solutes, namely a refractometric study of polymers
in PEG200 [48]. Furthermore, to the best of our knowledge, this is the first investigation of
self-diffusion in PEG200 solutions.

As for the organization of the remainder of this report, after providing experimental
details in Sect. 2, the results are presented and discussed in Sect. 3 focusing first on the
water dependence of the physical properties, next their temperature dependence, and finally
their solute concentration dependence. Section 3 finishes with a molecular level interpreta-
tion of the results with emphasis on hydrogen bonding interactions. Section 4 summarizes
the main conclusions of this study.

2 Experimental
2.1 Preparation of Samples

All chemicals with specifications as summarized in Table 1 were used as received. We note
that PEG vendors typically do not state the mass fraction purity possibly because PEGs are
polydisperse mixtures, and we assume that the mass fraction purity is of typical value of
0.99. The exact composition of PEG200 has been analyzed in previous work and for con-
venience is tabulated in Table S1 [14]. Two TEMPO sources were used for measurements
to test reproducibility of results. The PEG and solute components were stored and mixed
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Table 1 Information on chemicals used

Chemical name CAS Source Mass fraction purity®
PEG200 25322-68-3 Acros Not specified”
5-tert-Butylisophthalic acid 2359-09-3 Sigma Aldrich 0.98
2,2,6,6-Tetramethylpiperidinyloxyl 2564-83-2 MP Biochemicals 0.98
2,2,6,6-Tetramethylpiperidinyloxyl 2564-83-2 AA Blocks 0.97

Water 7732-18-5 Anton Paar “Ultra-pure”

*As stated by vendor

®Presumably not specified because PEGs are polydisperse

under inert atmosphere in a glove box and if needed stirred until complete dissolution was
achieved. We intended to study concentrations up to 0.3 molar to cover typical concentra-
tions of polarizing agents in DNP-enhanced NMR spectroscopy. We found that the solubil-
ity limit of 5-TBIPA in PEG200 is below 0.3 mol-1~!, and thus, data for PEG200 solutions
with 5-TBIPA could only be acquired up to 0.15 mol-1"!. Addition of water was done out-
side of the glovebox, after which the sample was vigorously shaken for several minutes.
The water content of each prepared sample was measured at least trifold after completion
of density and viscosity measurements using a fritless C20 Mettler Toledo Karl Fischer
(KF) with a relative standard deviation (RSD) of generally 0.1. A 5-ml plastic syringe was
used for injection of solution into the combined density meter and viscometer. Samples for
NMR measurements were placed in a 5S-mm NMR tube (standard tube or with valve), and a
flame-sealed capillary with D,O as lock solvent was added before the NMR tube was either
flame sealed or sealed using a closed valve.

2.2 Density and Viscosity Measurements

Densities and viscosities were measured in parallel with, respectively, an Anton Paar DMA
4100 M vibrating tube density meter with internal correction of sample viscosity effects
and an Anton Paar Lovis 2000 M/ME rolling ball viscometer using a 1.8 mm capillary.
Both instruments are temperature controlled by Peltier systems with stated accuracy of
0.02 K. Samples were measured in a temperature series from 298.15 to 358.15 K in 10 K
increments and then back to 298.15 K to check that initial and final 298.15 K results agreed
with each other. The averages of at least six repeat measurements are reported. The proper
calibration of both instruments was tested by repeating measurements with neat PEG200
that were recently reported [14]. Results agreed within 0.5 mPa-s for the viscosity measure-
ments and within 0.1 kg-m~> for the density measurements.

2.3 Self-Diffusion Coefficient Measurements

All NMR data were acquired on a Bruker Avance 300 NMR spectrometer with a vari-
able temperature broadband probe. Each sample was allowed to temperature equili-
brate for at least 20 min. The sample NMR tube was not spun during temperature equi-
libration and data acquisition. The actual sample temperature was determined at the
beginning and the end of a measurement series consisting of typically 6—12 samples
at constant temperature using a neat ethylene glycol sample for which the dependence
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of the chemical shift on temperature is known [49]. From these ethylene glycol meas-
urements, an estimate of 0.5 K is obtained as the standard temperature uncertainty.
A double stimulated echo pulse sequence [50, 51] was used to obtain self-diffusion
coefficients. The pulse sequence includes bipolar gradients and three spoiler gradients
with 5 ms eddy current recovery and 0.2 ms gradient recovery. The recycling delays
were set to at least three times the spin lattice (T,) relaxation time. The field gradient
strength was linearly increased from 0.543 to 54.3 G-mm™! to obtain a total of 16 dif-
ferent gradient strengths. The number of repetition scans was set to 16 and the number
of dummy scans to 4. To obtain the self-diffusion coefficients, the stimulated spin-echo
intensity, /(g), of each proton signal was fit to Eq. 1, with the magnetic field gradient
strength, g, as the independent variable [52]

1(g) = Iy Pre ¥ (a=/) (1)

where I, is the reference spin-echo intensity in the absence of gradient, y is the 'H gyro-
magnetic ratio (=2.6752218744 x 108-s71.T™1), A is the diffusion time (=0.1 s), and & is
the length of the sine-shaped gradient pulse that depends on the sample and temperature
condition. Based on the experiences from prior studies [13, 14, 53], the standard uncer-
tainty of the self-diffusion coefficients is 0.1 X 1071 m?s~!, which is about as much as
the lowest measured self-diffusion coefficients reported for the lowest temperature of
298.15 K. We caution that the standard uncertainty might be higher for the PEG200 self-
diffusion coefficients from the TEMPO solutions. Signals from the free radical compound
TEMPO in solution of PEG200 are unobservable in the 'H NMR spectrum because its
unpaired electron spoils the local magnetic field around TEMPO, which broadens the
"H NMR signals of TEMPO so much that they disappear in the base line. With increas-
ing TEMPO concentration, line broadening is observed for the PEG200 "H NMR signals
leading to severe overlap of PEG200 signals. Moreover, the spoiled local magnetic fields
also become spin—lattice (T,) relaxation sinks. At TEMPO concentrations larger than
0.02 molar, T, relaxation times were observed to be on the order of milliseconds, which
is too fast for measuring self-diffusion coefficients with the pulsed-field gradient method
employed in this study. Thus, only the self-diffusion coefficients of PEG200 are reported
for the TEMPO solutions and only to maximal 0.02 molar concentrations.

5-TBIPA is not a free radical compound, and no such concerns as just described
apply for measuring the self-diffusion coefficient of the 5-TBIPA solute and the
PEG200 solvent. 5-TBIPA affords multiple signals in the '"H NMR spectrum from the
aromatic rings in addition to the strong line of the tert-butyl functional group. The
reported 5-TBIPA self-diffusion coefficients represent the average values obtained
from these signals. Although the PEG200 "H NMR spectrum displays three proton sig-
nals, one signal for the hydroxy protons, one signal for the CH, protons next to ether
oxygens (“CH,—0"), and one signal for the CH, protons next to the hydroxy end group
(“CH,-OH”), the self-diffusion coefficient of PEG200 cannot be taken as the average of
these three signals. Instead, the PEG200 self-diffusion coefficient should be taken from
the CH,OH signal alone [14] as it represents the mole fraction averaged self-diffu-
sion coefficient of the polydisperse ethylene glycol mixture of PEG200 while using the
CH,-O signal would lead to artificially slower self-diffusion coefficients because the
weighting of each ethylene glycol oligomer increases with its number of ether oxygens.
The signal of the hydroxy protons is not usable because of chemical proton exchange
with water protons, hence the label of “OH/H,0” in this work.
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3 Results and Discussion
3.1 Water Content Dependence and Data Quality

Water is a primary impurity of PEGs because it can readily absorb water from the atmosphere.
Prior studies showed that the water content up to mass fractions of about 0.02 hardly changes
density, viscosity, and self-diffusion of PEG200, and the neat “dry” PEG property values were
obtained by linear extrapolation to zero water content [14]. Anticipating similar behavior in
this study for various PEG200 solutions, the property measurements were obtained in this
study from only two sets of samples, one set without and one set with small amounts of added
water. Figure 1 shows one illustrative set of density data for the case of solutions of TEMPO
(from MP Biochemicals) in PEG200 at room temperature. These and the remaining density
data sets are tabulated in Tables S2—-S4 in the supplementary materials. Figure 1 shows that
the addition of water systematically leads to slightly smaller densities. The densities of the
“dry” PEG200 solutions, summarized in Table 2, were obtained by linear extrapolation to zero
water content. They are generally only by about 0.1 kg'm™> higher than the corresponding
densities of the samples containing water at about 0.002 mass fraction of water. The addition
of water also generally lowers the viscosity as can be seen from the data sets summarized in
Tables S5-S7 in the supplementary materials. However, there is more random error in the
viscosity data sets such that there are in Tables S5 and S7 a few instances marked with red
coloring where the viscosity either slightly increases or decreases too steeply. This is illus-
trated in Fig. 2 for the case of TEMPO solutions at 298.15 K that includes one instance where
the viscosity increases with water addition (added cross in square symbols) and one instance
where the viscosity obtained after water addition appears to fall too steeply (added plus in
diamond symbols). Water addition should decrease not increase the viscosity, and for most of
the entries in Tables S5, S6, this decrease is very small, 0.3 mPa's or less. Therefore, as cri-
terion for “too steeply” we took that either the slope value was at least an order of magnitude
larger than generally observed at a given temperature or the “intercept” differed by more than
1 mPa:-s from the viscosity obtained from the sample with ~0.002 mass fraction of water pre-
sent. In these cases, an average slope value obtained from the other concentration data at same
temperature was used to extrapolate to zero water mass fraction. In the case of positive slopes,

Fig.1 Densities of solutions of
TEMPO in PEG200 as a function Mol o
of water mass fraction of present
water at TEMPO concentra-

tions 0.0106 (squares), 0.0191 1118 -y
(circles), 0.0399 (diamonds), ]

0.0761 (down triangles), 0.1460 @
(up triangles), and 0.2872 (left E
triangle) mol-1™! g’ 1116 -M
2
‘@
©
© 1114 1
1112

0 2 4 6 8 10
water mass fraction*10°
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Table 2 Densities in kg-m™ of studied solutions

TEMPO (from MP Biochemicals) in PEG200

T/K\c/mol-L~! 0.0106 0.0191 0.0399 0.0761 0.1460 0.2872
298.15 1120.6 1120.4 1119.6 1118.5 1116.2 1111.7
308.15 1112.7 1112.3 1111.7 1110.5 1108.4 1103.8
318.15 1104.8 1104.4 1103.7 1102.6 1100.3 1096.0
328.15 1096.8 1096.6 1095.8 1094.7 1092.4 1087.9
338.15 1088.9 1088.5 1087.8 1086.7 1084.4 1080.1
348.15 1080.9 1080.5 1079.8 1078.7 1076.3 1072.1
358.15 1072.9 1072.5 1071.8 1070.7 1068.4 1064.1

TEMPO (from AA Blocks) in PEG200

T/K\c¢/mol-L~! 0.0076 0.0222 0.0472 0.0927 0.1755 0.3379
298.15 1120.6 1120.2 1119.4 1117.5 1115.1 1110.3
308.15 1112.6 1112.2 1111.4 1109.6 1107.0 1102.4
318.15 1104.7 1104.3 1103.5 1101.6 1099.1 1094.4
328.15 1096.7 1096.2 1095.5 1093.7 1091.1 1086.5
338.15 1088.8 1088.3 1087.6 1085.8 1083.2 1078.5
348.15 1080.8 1080.3 1079.6 1077.8 1075.2 1070.5
358.15 1072.8 1072.4 1071.6 1069.8 1067.2 1062.5
TBIPA in PEG200

T/K\c/mol-L~! 0.0090 0.0193 0.0417 0.0789 0.1441
298.15 1121.4 1121.2 1121.5 1121.9 1123.0
308.15 1113.6 1113.3 1113.5 1114.0 1115.1
318.15 1105.5 1105.3 1105.6 1106.0 1107.2
328.15 1097.6 1097.4 1097.7 1098.1 1099.3
338.15 1089.6 1089.4 1089.7 1090.2 1091.4
348.15 1081.8 1081.5 1081.7 1082.2 1083.4
358.15 1073.6 1073.4 1073.7 1074.2 1075.4

the average of the two viscosities at different water mass fraction was chosen as the best esti-
mate for the viscosity of dry PEG200 solution. Thus, the repetition of the viscosity measure-
ments after addition of some water also serves in this case to identify outlying viscosity data.
The viscosities of the “dry” PEG200 solutions are listed in Table 3. Although the depend-
ency of density and viscosity on water mass fraction is very small, it appears to be stronger
for the PEG200 solutions in this study than for neat PEG200 because the magnitude of the
slope values listed in Tables S2—S7 is still somewhat larger compared to what was reported
for neat PEG200 [14]. As for the self-diffusion coefficients, the measurement uncertainties are
insufficient for reasons as explained in Sect. 2 to allow distinction between the measurement
results before and after water addition. Thus, the self-diffusion coefficients of “dry” PEG200
listed in Table 4 were taken as the average of the two sets of measurements of different water
mass fractions. The self-diffusion coefficients in Table 4 are shown at the same temperatures
for which density and viscosity values were measured. To obtain these values, interpolation
from the temperature dependence of the self-diffusion coefficients, (see next subsection), was
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Fig.2 Viscosities of solutions of
TEMPO in PEG200 at 298.15 K 54 Yo
as a function of water mass frac-
tion of present water at TEMPO
concentrations of 0.0106 (squares x
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necessary. The raw self-diffusion data obtained at actual measurement temperatures are listed
in Tables S8-S10.

3.2 Temperature Dependence

A prior study of neat PEG200 found a linear temperature dependence for density while vis-
cosities and self-diffusion coefficients followed the Arrhenius law over the investigated tem-
perature range [14]. Linear temperature dependence of the density is also clearly indicated for
all of the PEG200 solutions in this study as shown in Fig. 3. Moreover, the molar volumes are
also found to be linearly dependent on temperature. This allows for the calculation of the iso-
baric thermal expansion coefficients, @, an important material property, from the slope of the
linear temperature dependence of the molar volumes, V, according to Eq. 2.

a= LoV )
Sy \oT/, @

The values for a are listed in Table S12. It is noteworthy in Fig. 3 that the addition of
5-TBIPA increases the densities compared to neat PEG200, while the addition of TEMPO
decreases the densities. The concentration dependence of the physical properties is inspected
in more detail in Sect. 3.3.

Figure 4 inspects if the temperature dependence of the viscosity and the self-diffusion coef-
ficients of various PEG200 solutions obtained in this study follow the Arrhenius law, or if they
are better described by the Vogel-Fulcher—Tammann (VFT) equation [54]. The Arrhenius and
VFT equations are shown in logarithmic form in Eqgs. 3 and 4, respectively.

Ea
In(X(T)) = InA + =7 3
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Table 3 Viscosities in mPa-s of studied PEG200 solutions

TEMPO (from MP biochemical) in PEG200

T/K\c/mol-L~! 0.0106 0.0191 0.0399 0.0761 0.1460 0.2872
298.15 52.8 54.6 50.8 51.3 50.3 48.9
308.15 33.0 33.8 32.0 325 31.6 31.1
318.15 22.1 22.4 21.3 21.9 21.2 20.2
328.15 14.6 15.1 14.5 14.3 14.0 13.6
338.15 10.6 11.0 10.6 10.4 10.2 9.9
348.15 8.0 8.3 8.0 7.9 7.7 7.5
358.15 6.2 6.4 6.2 6.1 6.0 59

TEMPO (from AA Blocks) in PEG200

T/K\c¢/mol-L~! 0.0076 0.0222 0.0472 0.0927 0.1755 0.3379
298.15 52.8 52.6 52.0 49.9 49.1 47.5
308.15 333 33.7 32.6 31.6 315 30.3
318.15 22.3 22.5 21.7 21.0 21.3 19.6
328.15 14.7 14.8 14.5 14.2 13.9 135
338.15 10.7 10.7 10.6 10.4 10.2 9.9
348.15 8.0 8.1 8.0 7.8 7.7 7.4
358.15 6.2 6.4 6.2 6.1 6.0 5.8
5-TBIPA in PEG200

T/K\c/mol-L~! 0.0090 0.0193 0.0417 0.0789 0.1441
298.15 539 54.6 55.1 56.6 63.1
308.15 342 339 35.0 345 38.7
318.15 23.0 22.6 23.1 229 249
328.15 15.0 15.4 15.3 15.6 16.6
338.15 10.8 11.1 11.1 11.2 12.0
348.15 8.1 8.3 8.3 8.5 9.0
358.15 6.3 6.4 6.4 6.6 6.9

B

In(X(T)) =Iny, + m )

In Eqgs. 3 and 4, X(7) represents the temperature-dependent property. Because vis-
cosity increases with 1/7 but self-diffusion decreases, the sign before the second term
of the right-hand equation is positive for viscosity and negative for the self-diffusion
coefficients. The fit parameters E, and A, and y,, B and T, are material dependent
where E, is the activation energy, A and y, are pre-exponential factors, B represents
the fragility strength coefficient, and 7|, is referred to as the Vogel divergence tem-
perature. Shown in Fig. 4 are the data for the highest concentrated samples measured.
Compared to the temperature dependencies of neat PEG200, which is included in
Fig. 4 as solid lines, some slight deviations from linearity over the investigated tem-
perature ranges are indicated for both viscosity and self-diffusion coefficients. Given
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Table 4 Self-diffusion coefficients in 107° m*s~! of studied PEG200 solutions

PEG200 from solution of TEMPO (from MP Bio) in PEG200

T/K\ ¢/mol L™t 0.0106 0.0191 0.0399
298.15 0.26 0.24 0.25
308.15 0.42 0.40 0.45
318.15 0.63 0.63 0.69
328.15 0.92 0.92 0.97
338.15 1.29 1.30 1.28
348.15 1.75 1.77 1.62
358.15 2.33 2.34 1.95

PEG200 from solution of TEMPO (from AABlocks) in PEG200

T/K\ ¢/mol-L™! 0.0076 0.0222 0.0472
298.15 0.27 0.16 0.15
308.15 0.43 0.40 0.33
318.15 0.65 0.69 0.58
328.15 0.94 0.98 0.89
338.15 1.30 1.25 1.26
348.15 1.73 1.50 1.67
358.15 2.23 1.72 2.11

PEG200 from solution of TBIPA in PEG200

T/K\ c/mol-L~! 0.0090 0.0193 0.0417 0.0789 0.1441
298.15 0.26 0.26 0.26 0.24 0.22
308.15 0.42 0.42 0.42 0.40 0.38
318.15 0.65 0.63 0.63 0.62 0.59
328.15 0.93 0.91 0.91 0.89 0.84
338.15 1.28 1.25 1.24 1.22 1.14
348.15 1.68 1.65 1.63 1.60 1.48
358.15 2.15 2.13 2.08 2.04 1.85

5-TBIPA from solution of 5-TBIPA in PEG200

T/K\ ¢/mol-L™! 0.0090 0.0193 0.0417 0.0789 0.1441
298.15 0.11 0.12 0.12 0.11 0.11
308.15 0.20 0.20 0.20 0.20 0.19
318.15 0.31 0.32 0.31 0.31 0.30
328.15 0.45 0.46 0.45 0.46 0.44
338.15 0.60 0.62 0.64 0.65 0.62
348.15 0.76 0.81 0.86 0.87 0.83
358.15 0.94 1.02 1.14 1.12 1.07

the observation that deviations from Arrhenius behavior are only small, Tables 5 and 6
list the fit parameters for both Eqs. 3 and 4 for viscosity and self-diffusion coefficients,
respectively. The obtained activation energies are generally not significantly different
from one another, regardless of the type of PEG200 solution, solute concentration and
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Fig.3 Temperature dependence of density for solutions of 0146 molar from MP Biochemical in PEG200
(square), 0.176 molar TEMPO from AA Blocks in PEG200 (circle), 0.144 molar 5-TBIPA in PEG200 (tri-
angle), and for comparison PEG200 by itself (plus symbols, data taken from Hoffmann et al. [14]). The
lines are least linear square fits

Fig.4 Temperature dependences
of viscosity, 7, and PEG200
self-diffusion coefficient, D, for
the systems of TEMPO from
Biochemicals (squares) and AA
Blocks (circles) in PEG200, and
5-TBIPA in PEG200 (triangle).
The lines are least linear square
fits for neat PEG200 taken from
Hoffmann et al. [14]

In(n/mPa s)
In(D/10™°m?s™

1.5 T T T -3
2.8 3.0 3.2 34

T'711000K™

if they concern viscosities or self-diffusion coefficients. The majority of the values in
Tables 5 and 6 are between 31-32 kJ-mol~! except for the self-diffusion coefficients of
5-TBIPA that monotonically increase to 33.7 kJ-mol~! at 0.144 mol-1"!. These activa-
tion energies are similar to those reported for neat PEG200 [14]. The same activa-
tion energies for viscosity and self-diffusion were also observed for the neat oligomers
[13], which indicates that the activation barrier for translation motion is the same as
for momentum transfer. This appears to hold also for the PEG200 solutions except per-
haps for the 5-TBIPA component. It is interesting to observe in Fig. 4 that the effect on
the viscosity by addition of TEMPO is relatively minor compared to adding 5-TBIPA,
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Table 5 Arrhenius and VFT fit parameters for temperature dependence of viscosity

c¢/mol-L~! In(A/mPa-s) E,/kJ-mol~! Carh yo/mPa-s B/K TyK OyET

TEMPO (from MP Bio) in PEG200

0.0106 -8.92 31.8 0.02 0.0477 948.5 163.0 0.009
0.0191 —8.82 31.6 0.02 0.0654 863.4 169.9 0.006
0.0399 —8.69 31.2 0.02 0.0526 931.9 162.7 0.004
0.0761 —8.89 31.7 0.02 0.0379 1022.9 156.6 0.012
0.1460 —8.87 31.6 0.02 0.0501 927.4 164.1 0.010
0.2872 —8.88 31.5 0.02 0.0651 8374 171.9 0.009
TEMPO (from AA Blocks) in PEG200

0.0076 -8.93 31.9 0.02 0.0391 1014.9 157.5 0.010
0.0222 —8.78 31.5 0.02 0.0500 949.3 162.0 0.013
0.0472 —8.87 31.6 0.02 0.0502 934.8 163.7 0.007
0.0927 —8.76 31.3 0.02 0.0467 960.9 160.5 0.006
0.1755 —8.83 31.5 0.02 0.0306 1095.9 149.9 0.012
0.3379 —8.81 31.3 0.02 0.0525 905.9 165.3 0.006
5-TBIPA in PEG200

0.0090 —8.99 32.1 0.02 0.0302 1103.3 151.0 0.012
0.0193 -9.02 322 0.02 0.0426 1001.0 158.3 0.006
0.0417 —8.96 32.1 0.02 0.0347 1063.2 154.1 0.009
0.0789 —10.44 36.4 0.02 0.0711 840.2 172.4 0.003
0.1441 -9.12 32.7 0.02 0.0718 837.4 174.7 0.006

where nevertheless the points run nearly parallel to the line representing neat PEG200.
The PEG200 self-diffusion coefficients are even less sensitive to the addition of sol-
ute. As for the self-diffusion coefficients of 5-TBIPA, these are noticeably smaller than
the corresponding PEG200 self-diffusion coefficients. A closer inspection on the sol-
ute concentration dependence of viscosity and self-diffusion is provided in the next
subsection.

3.3 Solute Concentration Dependence

As can be observed in Table 2, the addition of TEMPO to PEG200 results in a lowering of
the solution density, while the addition of 5-TBIPA does the opposite. Since the solution
molar volume is inversely proportional to the solution density, one would expect that the
molar volume of the solutions should then increase with addition of TEMPO and decrease
with the addition of 5-TBIPA. However, the average molar weight of the PEG200 solution
also changes with addition of solute. Because TEMPO has with 157.26 g-mol~! a smaller
molar weight than PEG200, adding it to PEG200 decreases the average molar weight of
the solution. The opposite is true for S-TBIPA addition, which has with 222.24 g-mol™!
a larger molar weight than PEG200. The decreasing average molar weight outweighs the
density decrease with TEMPO addition, and the molar volume overall decreases with
TEMPO concentration, as can be seen in Fig. 5. For 5-TBIPA, the density increase and the
average molar weight increase upon its addition to PEG200 essentially cancel each other,
and thus, the molar volume is nearly flat in Fig. 5.
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Table 6 Arrhenius and VFT fit parameters for temperature dependence of self-diffusion

c¢/mol-L~! lngA/I]O’IO E/mol™  6u, y/100m?s™! B/K TyK OvET
m-s”)

PEG as solvent of TEMPO (from MP Bio)

0.0106 11.6 32.1 0.021 267.7 917.9 166.3 1.6x107*
0.0191 11.9 32.8 0.024 2224 841.7 174.6 1.2x10™
0.0399 10.6 29.3 0.017 213.9 928.9 157.9 9.0x107*
PEG as solvent of TEMPO (from AA Blocks)

0.0076 114 314 0.029 93.5 622.6 192.5 8.2x107°
0.0222 11.8 32.6 0.067 13.5 214.1 246.8 1.9%107?
0.0472 11.1 30.8 0.042 28.8 366.6 221.6 4.8x107*
5-TBIPA as solute in PEG200

0.0090 10.5 31.1 0.050 9.6 292.0 232.6 23%x107*
0.0193 10.7 31.6 0.036 25.8 484.2 208.2 1.9%10™*
0.0417 11.2 32.8 0.019 215.3 1057.6 156.5 2.6x107*
0.0789 114 335 0.032 535 626.2 196.2 4.6x107°
0.1441 11.4 33.7 0.031 59.2 662.6 192.9 8.3x107°
PEG200 as solvent of 5-TBIPA

0.0090 114 314 0.028 100.4 646.9 189.9 9.3%107
0.0193 11.3 31.1 0.021 198.1 855.6 169.4 1.4x107
0.0417 11.1 30.7 0.024 122.1 720.8 181.1 1.7x107
0.0789 11.3 31.3 0.030 80.3 600.6 194.6 14x10™
0.1441 11.2 31.3 0.039 34.7 417.7 215.8 5.6x107™

It is useful to inspect the apparent molar volume of the solute component, ‘_/2,¢’ as
defined in Eq. 5 [55], to get a better sense for the molar volume contributions from the sol-
ute. In Eq. 5, M, is the molar mass, p and p,, are densities of solution and solvent, respec-
tively, and m, is the solute molality in mol-kg™".

— M, 1000(p — py
Vyg = 2 _ # 5)
P m,ppg

The number values for the apparent molar volumes are listed in Table S14, and Fig. 6
shows the concentration dependence of the apparent molar volume at 298.15 K. It should
be noted that the uncertainty of the apparent molar volume values increases with decreas-
ing solute concentration because the density difference as well the molality approaches
zero for infinitely dilute solutions. Therefore, the data points for the lowest concentrations
in Fig. 6, especially the value of 142 cm®mol~! for 5-TBIPA, should probably be ignored.
At higher concentrations, the apparent molar values plateau to a steady value. The apparent
molar volume values should be distinctly larger for 5-TBIPA because of its larger molar
weight. However, the second term in Eq. 5 contributes significantly as well to the appar-
ent molar volume. This second term is additive in the case of TEMPO because its addi-
tion decreases the system density, while the second term is subtracted from the first term
in Eq. 5 in the case of 5-TBIPA because its addition increases the system density com-
pared to neat PEG200. Thus, the apparent molar volumes in Fig. 6 are only ~20 cm>-mol~!
larger for 5-TBIPA compared to TEMPO and about the same value as the solution molar
volumes. Thus, Fig. 6 suggests that 5-TBIPA as a solute contributes about equally to the
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Fig.5 Solution molar volume A A
at 298.15 K as a function of 183.6 - “=r
molarity of TEMPO (from BP
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Fig.6 Apparent molar volume
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molar volume of the solution as the PEG200 solvent, which is confirmed in Fig. 5 with the
unchanging molar solution volume when 5-TBIPA is added. The apparent molar volume
of TEMPO is smaller than the molar volume of neat PEG, which is in keeping with the
observation in Fig. 5 that the solution molar volume decreases upon addition of TEMPO.
Finally, we point out that the solute partial molar volume, V,, is related to the solute appar-
ent volume as shown in Eq. 6 [55].

Vs

V2 = V2’¢ + ny on
2

(6)

Given that the derivative term in Eq. 6 is approximately zero for the observed flat con-
centration dependence of the solute apparent molar volumes in Fig. 6, the partial and appar-
ent molar solute volumes are approximately equal for these concentration regions in Fig. 6.
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Fig.7 Viscosities at 298.15 K as 65
a function of molarity of TEMPO
(from BP Bio as squares and AA
Blocks as circles) and 5-TBIPA
(triangle) in PEG200. The
viscosity of neat PEG200 (zero
solute molarity) reported by
Hoffmann et al. [14] is included
(solid diamond).The solid lines
are guides to the eye
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Fig. 8 Self-diffusion coefficients
of PEG200 at 298.15 K (open
symbols) and at 358.15 K (solid
symbols) as a function of molar-
ity of TEMPO (from BP Bio as
squares and AA Blocks as cir-
cles) and 5-TBIPA (up triangles)
in PEG200. Self-diffusion coef-
ficients of 5-TBIPA are shown as
well (down triangles). The shown
self-diffusion coefficients of neat
PEG200 (solid diamonds) were
taken from Hoffmann et al. [14]
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The already mentioned increasing uncertainty of ‘_/2«# as solute concentration approaches
zero does not allow a reliable evaluation of V, for very low solute concentrations.

Similar to density, the system viscosity also displays an opposite response to the addi-
tion of solute. As can be seen in Fig. 7, addition of TEMPO lowers the solution viscos-
ity, while addition of 5-TBIPA increases it. The concentration dependence of the PEG200
self-diffusion coefficient is shown in Fig. 8 for the lowest temperature of 298.15 K as well
as the highest temperature of 358.15 K. Figure 8 shows that the PEG self-diffusion coef-
ficient is essentially flat upon addition of TEMPO as well as upon the addition of 5-TBIPA.
The self-diffusion coefficients of 5-TBIPA are included in Fig. 8 (TEMPO is not observ-
able as explained in the experimental section), which shows that the 5S-TBIPA solute self-
diffuses about half as fast as the PEG200 solvent medium. These qualitative trends for the

@ Springer



700 Journal of Solution Chemistry (2023) 52:685-707

concentration dependence of the self-diffusion coefficients are consistently observable at
each measured temperature.
According to the Stokes—Einstein equation

kT
 Emnr

(N

the self-diffusion coefficient, D, is inversely proportional to the viscosity, #, of the medium.
The fact that the self-diffusion coefficients of the PEG200 solvent (as well as the 5-TBIPA
solute) are essentially unchanged upon addition while the solution viscosity increases or
decreases depending on solute seems to contradict the Stokes—Einstein Equation. It is prin-
cipally conceivable that 5-TBIPA might form dimers through the carboxylic acid functional
groups. This would lead to an increase in its hydrodynamic radius, 7, typically taken to be
the van der Waals radius [56], in Eq. 7 where kj is the Boltzmann constant, T the tempera-
ture, and £ is a constant that ranges between a value of 4 for the so-called slip boundary
condition where there are no interactions between the self-diffusing particle, and a value of
6 for the stick boundary conditions where these interactions are strong [57]. Besides possi-
ble interactions between the self-diffusing particles, the constant ¢ is also influenced by the
ratio of solvent and solute radius, r,,/r [58], as can be seen in Eq. 8 that was derived by
Chen and Chen [59] from the microfriction theory by Gierer and Wirtz [60].

6
2.234
1+ 0.605( % ) ®

r

é =

Equations 7 and 8 were iteratively solved to obtain the values for £ and 7, respectively,
listed in Tables S15 and S16 in the supplementary materials. A value of 3.548x 107'° m
was used as r,, for the polydisperse PEG200 solvent, which was obtained first by evaluat-
ing the van der Waals radii of each ethylene glycol oligomer using the method by Bondi
[61] as further detailed by Edwards [62] and then taking the mole fraction weighted aver-
age of these oligomer radii according to the prior reported composition analysis of PEG200
[14], which for convenience is tabulated in Table S1. The use of a mol fraction weighted
average value for ry, is justifiable in so far that the time of the NMR measurement (on
the order of a second) is much longer than the motional dynamics of the system, which
thus averages out the PEG solvent component the solute molecule experiences during the
NMR measurement. We note that the value for r, of 3.548 x 107! m is close to the values
of 3.440x 107!% and 3.872x 107! m obtained, respectively, from mole fraction weighted
averages of reported radii of gyration and end-to-end distances (divided by 2) of the indi-
vidual ethylene glycol oligomers that were reported in a recent MD simulation study of
PEG200 [63]. However, when evaluating r,,, from viscosity and self-diffusion data
reported for neat PEG200 [14] using Eq. 7, they increase from 2.17 x 107° m at 298.15 K
to 3.2x 107!° m at 358.15 K using a value of 4 for & and would be even smaller by 1/3 if
using a value of 6 for & These values are considerably smaller than 3.548 x 107'° m, which
suggests that the smaller ethylene glycol oligomers contribute more to the overall mass
transport in neat PEG200 than the larger ones. Nevertheless, the value of 3.548x 107" m
was used for r, to be consistent in using the Bondi method for evaluating both the solvent
and solute hydrodynamic radii.

The values for £ in Table S15 range between 4.3 and 4.8, and the values for r in
Table S16 range between 4.6x 107" and 5.5x 1071° m. The values for both & and r gener-
ally increase with increasing temperature but decrease with 5-TBIPA concentration. The
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values of r in Table S16 exceed the van der Waals radius of 3.65x 107! m obtained from
the Bondi method by up to 1.5x 107" m, which might be an indication that some of the
dissolved 5-TBIPA are present as dimers. However, higher temperatures and lower con-
centrations should shift the equilibrium away from these species, if present, toward the
single 5-TBIPA species. The contrary is observed for the entries of r in Table S16. In fact,
the decrease in r with increasing 5-TBIPA reflects the concurrent viscosity increase as
observed in Fig. 7. We also note that using a smaller value for r,,, would lead to smaller
values of r in Table S16. Specifically, if the r,, value were indeed overestimated by for
example 1x107'° m, the values of £ in Table S15 would increase by about 0.5 and the
values for r in Table S16 would decrease by about 0.5x 107'° m. Thus, it appears more
reasonable that the potential presence of 5-TBIPA dimers can be neglected and reasons
other than the presence of dimers or aggregate equilibrium species need to be considered
for explaining why the self-diffusion coefficients of the PEG200 solvent as well as the
5-TBIPA solute are not inversely proportional to the solution viscosity. Hereto, we note
that a decoupling of translational motion from the medium viscosity has been observed for
glass forming liquids [64, 65], and PEG200 is a glass forming liquid [66]. Normally, such
behavior would not be observable at the temperature ranges investigated in this study, but
much lower temperatures that approach the glass transition temperature. However, devia-
tions from the Stokes—FEinstein equation have been observed for a number of other solu-
tions including aqueous solutions, as pointed out in other reports [67, 68], as well as for
small solutes in viscous solutions [69]. Hence, the observed behavior of the PEG solutions
studied here may not all be unusual but instead be just another example of a binary system
not following the Stokes—Einstein equation. A likely reason for the observed concentration
independence of the self-diffusion coefficients is based on the consideration of solute—sol-
vent interactions that is presented in the next subsection.

3.4 Molecular-Level Interpretation

When a solute is added to a solvent, the solvent will need to reorganize around the intro-
duced solute accommodating the needed space and responding to the newly present inter-
molecular interactions with the solute, which may be attractive or repulsive in nature.
Theories such as the Prigorine-Flory—Patterson (PFP) theory account for these contribu-
tions to the solution density but may not include specific interactions such as hydrogen
bonding [70]. Given that PEG possesses terminal hydroxy functional groups, hydrogen
bonding interactions are expected to be a major if not the dominating factor in explain-
ing the observed changes in the physical properties. In this respect, a recent molecular
dynamics study of PEG200 has shown that PEG200 not only engages in intermolecular
hydrogen bonding but also significantly in intramolecular hydrogen bonding both of which
have profound influence on viscosity and self-diffusion [63]. The chemical structure of
TEMPO includes with the nitroxyl moiety only one functional group that can accept a pro-
ton in hydrogen bonding interactions. The 5-TBIPA chemical structure includes two car-
boxyl groups that can accept as well as donate a proton in hydrogen bonding interactions.
Especially at the lowest investigated solute concentrations, the solutes are dominantly
interacting with the PEG solvent, as already discussed in Sect. 3.3 in the context of the
observed solute radii. Hence, we will focus the discussion here on solute—solvent inter-
molecular interactions. In this regard, it is important to point out that only 5-TBIPA can
engage in hydrogen bonding with the ether moieties of PEG200, while TEMPO may only
accept a proton from the PEG200 hydroxy terminal group. For these molecular structural
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reasons, 5-TBIPA should more likely engage in hydrogen bonding than TEMPO. Moreo-
ver, 5-TBIPA could engage in bridging hydrogen bonding where it is hydrogen bonded
to more than one ethyleneglycol oligomer component of PEG200. Combined, these con-
siderations to the intermolecular solute—solvent interactions would explain the observed
increase in density and viscosity upon addition of 5-TBIPA to PEG200, while the weaker
hydrogen bonding interactions of TEMPO with PEG200 may overall weaken the intermo-
lecular interactions in PEG200 and thus result in lower densities and viscosities.

This leaves then the question why the self-diffusion coefficients in Fig. 8 display solute
concentration dependences that are essentially flat. The measured self-diffusion coefficients
represent the ensemble and time averaged self-diffusion processes of the PEG200 solvent
and the 5-TBIPA solute. It is interesting that the self-diffusion coefficients of 5-TBIPA are
about a factor 2 slower than that of the PEG200 solvent consistently at all experimental
conditions even though the average van der Waals radius of PEG200 is with 3.55x 107" m
about the same as that for 5-TBIPA (3.6x 107'° m). Indeed, the calculated (Egs. 7 and 8)
5-TBIPA radii in Table S16 are significantly larger than 3.6x 107'° m, as pointed out in
Sect. 3.3. It appears then that on average each 5S-TBIPA molecule hydrogen bonds with one
ethyleneglycol oligomer in PEG200. Even at 0.15 molar concentration, the 5-TBIPA mole
fraction is with 0.0265 rather small. Thus, the PEG200 self-diffusion coefficient, D,.
remains essentially unaffected as it is the mole fraction weighted contribution of PEG200
oligomers by themselves, Dppgagp. and those that are hydrogen bonded with 5-TBIPA,
Dpggooo. s @ shown in Eq. 9.

Dy, = Xpec200PpEG200 + XPEG200,1PPEG200,15 ©)]

Compared to the first term in Eq. 9, the second term is negligibly small mainly because
of the small value of Xpgg,gg 4, in addition to the consideration that Dpggagg np =Ds.1eipa *
Y2 Dpggogo- Ds.teipa @lso shows solute concentration independence because the situation of
each additional added 5-TBIPA molecule in terms of its intermolecular interaction with the
PEG200 solvent is the same since solute—solute interactions appear to be not significant for
the investigated concentration range.

4 Conclusions

New experimental densities, viscosities, and self-diffusion coefficients were obtained for
solutions of PEG200 with TEMPO and 5-TBIPA as solutes to contribute to a better under-
standing of PEG200 as a benign chemical medium. These properties are hardly affected by
the presence of water, the main impurity of PEGs given their propensity to absorb mois-
ture from air. Density decreases linearly with temperature, while self-diffusion coefficients
and viscosity display slight deviations from the Arrhenius equation over the investigated
temperature range. The activation energy barriers for translational motion and momentum
transfer appear to be identical and are hardly affected by the addition of the solute. Addi-
tion of TEMPO decreases the solution density and viscosity while the opposite is observed
when 5-TBIPA is added. An explanation has been provided for this opposite behavior
in terms of the solute—solvent interactions based on the molecular structural differences
between TEMPO and 5-TBIPA. Strong intermolecular interactions, likely hydrogen bond-
ing interactions, between 5-TBIPA and PEG200 are indicated based on the observation
that 5-TBIPA self-diffuses at about half the rate as the PEG200 solvent despite their simi-
lar hydrodynamic radii. However, only a small mole fraction of the PEG200 oligomers is

@ Springer



Journal of Solution Chemistry (2023) 52:685-707 703

affected by these intermolecular interactions rendering their observed self-diffusion coef-
ficients essentially independent to the solute concentration. This concentration independ-
ence of the self-diffusion coefficient, while concurrent increase in viscosity with 5-TBIPA
concentration, is inconsistent with the Stokes—Einstein equation. Nevertheless, the use of
the Stokes—Einstein results in solute radii, and concentration and temperature dependences
thereof, that support the absence of significant solute—solute interactions but instead sup-
port the presence of strong solute—solvent interactions in the case of 5-TBIPA in PEG200.
Overall, it appears that the addition of TEMPO weakens the intermolecular interactions
present in the PEG200 solutions while the addition of 5-TBIPA strengthens them. Finally,
it should be pointed out that this study illustrates how much is generally unknown about
the intermolecular interactions present in PEG solutions. Many more experimental and the-
oretical studies are needed to elucidate the structure and dynamics of PEG solutions before
challenging research topics such as PEG solvent effects on reaction kinetics can be tackled.
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