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Abstract

Heat transfer fluids (HTFs) play a crucial role across a range of industries, absorbing and
conveying thermal energy in applications, including as essential components in concen-
trating solar power systems. As a continuation of previous work, we look at extended
dibenzyl ethers as HTFs. The physical properties heat capacity and temperature-depend-
ent density of selected dibenzyl ethers are investigated, and values compared with com-
putational data using incremental methods for the estimation of group contributions
within the structures towards the macroscopic properties of the compounds. Thermal sta-
bility of the dibenzyl ethers and their oxidative stability over longer period of time are
studied, also.

Keywords: benzyl ethers; heat transfer fluid; heat capacity; density; oxidative degradation

1. Introduction [1]

A heat transfer fluid (HTF) is a gas or liquid that facilitates heat transfer by acting as
an intermediary —absorbing heat in one part of a process (cooling), transporting and stor-
ing thermal energy, and releasing it in another part of the process (heating). The choice of
HTF is largely determined by the specific process and system design, with the primary
goal being to maximize heat transfer efficiency while minimizing energy input and overall
cost [2]. HTFs and thermal oils used in high-temperature applications differ in their chem-
ical composition; many are synthetic and can originate from either organic or inorganic
sources, depending on the application requirements.

Organic HTFs encompass a wide range of compounds, including esters, diesters, pol-
yglycols, water-glycol mixtures, paraffins, and waxes. Silicone-based greases and oils are
also commonly used. For systems operating at elevated temperatures, inorganic fluids
such as liquid sodium [3] (e.g., in nuclear reactors and in concentrated solar thermal en-
ergy systems) and molten nitrate salts (sodium nitrate—potassium nitrate mixtures [4]) are
employed. More recently, advanced materials like carbon nanofibers, carbon nanotubes,
and metallic nanopowders have been explored as potential HTFs [2].

Historically, most organic HTFs derived from aromatic or aliphatic petrochemicals
were used within a temperature range of 0 to 350 °C. At higher temperatures, these
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compounds are prone to decomposition or oxidation [5]. Nevertheless, synthetic organic
HTFs have regained interest due to their superior thermal properties, despite their higher
cost.

HTFs and thermal oils are characterized by differences in kinematic viscosity, oper-
ating temperature range, and critical points such as pour point, boiling point, and flash
point. Key performance parameters also include thermal energy storage capacity per unit
volume, toxicity, and usable temperature range [6]. In evaluating an HTF, essential prop-
erties include high heat capacity and thermal conductivity, high flash point, wide operat-
ing temperature range (low melting and high boiling points), low viscosity and density,
and high vapor pressure [7].

Environmental concerns have also been raised regarding HTFs [8]. Some possess rel-
atively poor thermal performance compared to water. At room temperature, many HTFs
exhibit higher viscosity, lower density, and reduced specific heat capacity and thermal
conductivity. To compensate, they are often used at higher flow rates, requiring more
pumping power to transfer the same amount of energy as water.

The authors have been investigating suitable organic HTFs for application in a newly
developed solar thermoelectric generator [9]. This interest aligns with their ongoing work
on ether synthesis [10], leading to the development of several new aryl ethers, particularly
benzyl ethers, as potential HTFs. The current study focuses on this effort. Preliminary
modeling indicated that these molecules may offer relatively high heat capacity. However,
from the outset, the limited thermal stability of benzyl ethers was identified as a potential
limitation.

The initial phase of research focused on the synthesis of dibenzyl ethers, supported
by a graduation project that modeled the scale-up of production to an industrial level [11].
Subsequently, the scope was expanded to include the synthesis of oligobenzyl ethers, with
the understanding that future work would need to establish more scalable production
routes if these compounds were to be used as commercial HTFs.

Even 23 years after Metzger’s influential article on chemical sustainability and 33
years after the Rio Earth Summit [12], efficient use of chemical resources remains essential.
Purification steps often consume more solvent than the reactions themselves and involve
solid-phase materials such as silica gel. However, while solid-phase materials can often
be recycled, solvents present greater challenges. From this sustainability perspective, the
authors explored solvent reduction strategies and investigated one-pot syntheses, includ-
ing combined etherification and Suzuki cross-coupling reactions, in some cases performed
under solvent-free conditions.

In the current contribution, we extend the scope of benzyl ethers that can be prepared
under these conditions. Furthermore, the authors investigate the physical properties such
as the heat capacity and the temperature-dependent density of selected dibenzyl ethers,
and compare the values with computational data using incremental methods for the esti-
mation of group contributions within the structures towards the macroscopic properties
of the compounds. Finally, it was realized that while some of the dibenzyl ethers were
stable at higher temperatures, some of the studied benzyl ethers were found to degrade
oxidatively in air at rt over longer time periods. Possible mechanisms for these degrada-
tive transformations are discussed.

2. Experimental

General. —Melting points were measured with a Stuart SMP10 melting point appa-
ratus and are un-corrected. '"H NMR (at 400 MHz) and *C NMR (at 100.5 MHz) spectra
were taken on a Varian 400 MHz spectrometer. IR measurements were performed on a
Thermo Nicolet FT-IR spectrometer, model Nexus 470. Density measurements were per-
formed on an Anton-Barr DMA 4500M densitometer. TGA measurements were carried
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out with a Shimadzu TGA-50. Column chromatography was exe—cuted on silica gel S
(Riedel de Haen) and on silica gel (Merck grade 9385).

Stability tests for compounds of the 4-bromobenzyl series. —4-Bromobenzyl n-pen-
tyl ether (4.19 g, 16.3 mmol) was kept at ambient temperature exposed to air for 12 months.
The sample started showing a precipitate after 60 days. After 12 months, the sample was
separated by column chromatography on silica gel (hexane/ether/CH2Cl2 4:1:1) after filter-
ing off the precipitate and analysed to contain 4-bromobenzoic acid (10a, 1.44 g, 43.9%), 4-
bromobenzaldehyde (9a, 150 mg, 5.0%), and n-pentyl 4-bromobenzoate (11a, 846 mg,
19.1%): 4-bromobenzoic acid (10a) as a colorless needles, mp. 252 °C (Lit. 252-254 °C): Vmax
(KBr/em™) 3420-2050 (bs, OH), 1674, 1567, 1425, 1319, 1296, 1278, 1176, 1127, 1108, 1068,
1011, 927, 849, 756; 6u (400 MHz, DMSO-d¢) 7.65 (2H, d, 3] = 8.4 Hz), 7.82 (2H, d, 3] = 84
Hz); 6c (100.5 MHz, CDCls) 131.0 (Cquat), 131.6 (2C, CH), 131.8 (2C, CH), 132.4 (Cquat), 168.2
(Cquat, CO); 8¢ (100.5 MHz, DMSO-d$) 127.3 (Cquat), 130.4 (Cquat), 131.7 (2C, CH), 132.1 (2C,
CH), 1671 (Cquat); 4-bromobenzaldehyde (9a) as a colorless solid, mp. 61 °C; Vmax
(KBr/cm™) 2859, 1698, 1588, 1573, 1382, 1204, 1065, 1009, 834, 811; 6u (400 MHz, CDCls)
7.67-7.73 (4H, m), 9.96 (1H, s, CHO); 6c (100.5 MHz, CDCls) 129.8 (Cquat), 131.0 (2C, CH),
132.4 (2C, CH), 135.0 (Cquat), 191.1 (CHO), and n-pentyl 4-bromobenzoate (11a) [50] as a
colorless oil; vmax (KBr/cm™) 2957, 2932, 2871, 1723, 1591, 1484, 1467, 1397, 1271, 1173, 1103,
1069, 1012, 848, 757, 683; 61 (400 MHz, CDCls) 0.90 (3H, t, 3] = 6.4 Hz, CHs), 1.32-1.39 (4H,
m), 1.73-1.77 (2H, m), 4.29 (2H, t, 3] = 6.4 Hz, OCH:) 7.56 (2H, d, 3] =8.8 Hz), 7.88 (2H, d, 3]
=8.8 Hz); 6c (100.5 MHz, CDCls) 14.0 (CHs), 22.3 (CHz), 28.2 (CHz), 28.4 (CHz), 65.4 (OCH-),
127.9 (Cquat), 129.4 (Cquat), 131.1 (2C, CH), 131.6 (2C, CH), 165.9 (Cquat, CO).

Similarly, for 4-bromobenzyl n-butyl ether was found: n-butyl 4-bromobenzoate: Vmax
(neat/cm™) 1721; éu (400 MHz, CDCls) 0.97 (3H, t, 3] = 7.2 Hz), 1.42-1.51 (2H, m), 1.70-1.77
(2H, m), 4.31 (2H, t, 3] = 6.4 Hz), 7.56 (2H, d, 3] = 8.8 Hz), 7.89 (2H, d, 3] = 8.8 Hz); 6c (100.5
MHz, CDCls) 13.8 (CHs), 19.2 (CHz), 30.7 (CHz), 65.1 (OCHz), 127.9 (Cquat), 129.4 (Cquat),
131.1 (2C, CH), 131.6 (2C, CH), 166.0 (Cquat, CO).

For 4-bromo benzyl n-hexyl ether was found: n-hexyl 4-bromobenzoate: Vmax
(neat/cm™) 1722; 1 (400 MHz, CDCls) 0.89 (3H, t, 3] = 6.8 Hz), 1.66-1.77 (2H, m), 1.30-1.44
(6H, m), 4.29 (2H, t, 3] = Hz, OCH>), 7.55 (2H, d, 3] = 8.4 Hz), 7.88 (2H, d, 3] = 8.4 Hz); oc
(100.5 MHz, CDCls) 14.0 (CHs), 25.5 (CHz), 25.7 (CH2), 28.6 (CH2), 31.4 (CH2), 65.4 (OCH>),
127.9 (Cquat), 129.4 (Cquat), 131.1 (2C, CH), 131.6 (2C, CH), 165.9 (Cquat, CO).

3. Results and Discussion
3.1. Typical Synthesis of the Studied Dibenzyl Ethers

Non-symmetric ethers are commonly prepared by Williamson ether synthesis [13].
Here, the authors prepared simple dibenzyl ethers by reaction benzyl bromides and chlo-
rides with benzyl alcohols using powdered KOH as base and DMSO as solvent. In order
to circumvent DMSO in the work-up of the reaction and for subsequent reactions where
Suzuki-cross coupling was added as a concurrent transformation, the authors changed to
solventless systems (Scheme 1) under phase transfer catalysis (PTC), following a proce-
dure analogous to Rao and Senthilkumar [14], utilizing finely KOH as base and ben-
zyltributylammonium chloride (BTBAC) as PTC. Double Williamson ether syntheses as
shown in Scheme 2 lead to extended benzyl ether systems. These syntheses can be com-
bined with Suzuki coupling reactions in one pot (Scheme 3). When one utilizes
formylphenylboronic acids such as 6, the formyl group in product 7 can be reduced to an
alcohol function (NaBH4) and converted to a bromide (PBrs), making these derivatives of
7 precursors of a subsequent Williamson ether synthesis to larger benzyl ethers [1].
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Scheme 1. Typical Williamson ether synthesis to benzyl ethers using phase transfer catalysis.
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Scheme 3. One-pot PTC catalyzed Williamson synthesis/Suzuki-coupling to extended benzyl ethers
7.

3.2. Estimated and Measured Physical Properties of Benzyl Ethers

Important characteristics of potential heat transfer fluids (HTFs) are their thermal
properties and other physical properties such as density. A computational pre-investiga-
tion was carried out to estimate some of these properties of the some of the chemical struc-
tures to be synthesized. This study was performed using available incremental methods
for the estimation of group contributions within the structures towards the macroscopic
properties of the compounds. Such methods have been developed by Joback and Reid [15],
Lydersen [16], Ambrose [17], Klincewicz and Reid [18], Lyman et al. [19], Horvath [20],
Marrero and Gani [21], among others, and can estimate certain physical properties such
as heat capacities of pure chemical compounds relatively well. Here, the chemical struc-
ture of a compound is analyzed and sorted into different contributing groups that make
up the molecule. Thereafter, developed equations are used to estimate the thermal or other
physical property of the compound based on the incremental contribution of the individ-
ual groups/substituents that make up the compound. In this study, we focused on certain
properties only, such as on the isobaric heat capacity (Cp), which is very critical for en-
thalpy calculations in thermal processes. The isobaric heat capacity (Cp) was estimated for
selected synthesized ethers using two group contribution computational methods of
Kolska et al. [22] which were developed recently, based on Gani’s method [21]. Also, we
used Joback and Reid’s method [15], which is an older and more basic method. The ob-
tained values of heat capacity were compared to the measured ones. Kolskad’s method [22]
is based on three-level group contribution for heat capacity (Cﬁ, (T)) estimation as a func-
tion of temperature (see Equations (1) & (2)).
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where in Equation (1): Cj;_;(T) is the contribution of the first-level group of type i,
Ci,—;(T) is the contribution of the second-level group of type j, and Cp5_(T) is the con-
tribution of the third-level group of type k. Ni, Mj, and Ok indicate the number of occur-
rences of the individual groups (of type i, j, or k, respectively) in a compound. Cp,(T)
(which could be considered as the contribution of the zero-level group) is an additional
adjustable parameter. Variables w and z are weighting factors that are assigned 0 or 1,
depending on whether the second-level and third-level contributions, respectively, are
used or not. In Equation (2), a4 j ork, bg, j ork, and dg-,j ork are adjustable parameters for the
temperature dependence of C{,O (), Czl,l_i(T), Céz_]- (T), and Cé3_k (7).

Within this method, there are two approaches (Nonhierarchic (NH) and Hierarchic
(H)), which differ from each other by only the adjustable parameters (g j ort, by, j ork, and
dy-i.j ork). The other group estimation method used, namely the method of Joback and Reid
[15], is a first order approximation unlike the previous method. It is applied through Equa-
tion (3):

Co(T) = Z(a) ~37.93 + [Z(b) +0.201]7 + [Z(c) ~391x 1074 T2 + [Z(d) +2.06 x 107|173 3)

where, Cp(T): ideal gas heat capacity (J/mole.K). T: temperature (K). a, b, ¢ and d: adjust-
able parameters. X: indicates that, for the particular property of interest, one sums the
product of the number of times a group appears in the compound and the group contri-
butions.

The measured and estimated heat capacities Cp [J/g-K] (J/mole-K) for ethers benzyl
phenylethyl ether (E1), 2-benzyloxy dibenzyl ether (E2) and 2-benzyloxymethyl-4'-(4-
methoxybenzyloxymethyl]biphenyl (E3) at three different temperatures are shown in Ta-
ble 1.

From Table 1, it is obvious that predicted heat capacities of the specified ethers (E1,
E2 and E3) by Kolskd’s method [22] are much closer the measured values compared to
Joback and Reid’s approach. This can be justified that Kolska’s method [22], as recently
published, depends on three level group contribution analysis which covers the mono-
functional molecules’ contribution in groups of the first level, while the groups of the sec-
ond and third levels improve the more-complex prediction of compounds. In addition, it
relays on higher number of compounds with known properties. At the same time, the
Hierarchic (H) approach of Kolska’s method [22] is more reliable than the Nonhierarchic
(NH) approach, especially with structurally complicated ethers (E2 and E3). Noting that,
there was an average error of less than 0.5% between experimentally measured [23] and
predicted (through H Approach) heat capacities of Dibenzyl ether over the studied tem-
peratures’ range, unlike with (NH) approach (average error of 23%). Similarly with di-
phenyl ether [24], the average error was less than 3% considering the (H) approach vs. 12%
with (NH) approach. Thus, the measured heat capacities and predicted values by the (H)
approach of Kolska method [22] for ethers (E1-E3) at different temperatures are shown in
Figure 1.
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Table 1. Measured and estimated heat capacities for ethers E1, E2 and E3 at three different temper-

atures.
/Ef‘] Cp [J/gK] (J/mole-K)
A~ |Compound T(K) Kolska et al. [22] Joback & Reid Measured
[&{;, (NH) Approach  (H) Approach [15]
n 323 1.84(391.1) 1.74 (370.3) 1.28 (271.0) 1.81 (384.2)
P El 348  1.89(400.3) 1.80 (383.1) 1.37 (2905)  1.88 (399.9)
] 373 1.92(407.3) 1.86 (495.8) 1.46 (309.4) 1.95 (414.8)
e 323 2.13(678.9) 1.69 (538.7) 1.26 (402.6) 1.81 (577.4)
[ E2 348  2.09(666.9) 1.75 (558.3) 1.35 (430.5) 1.90 (603.5)
ﬂ 373 2.05(653.6) 1.81 (577.2) 144 (4575) 193 (615.9)
SN 323 2.27(963.6) 1.66 (704.5) 127 (5384)  1.72(731.8)
PN 348 2.19(929.0) 1.73 (732.7) 1.35 (574.3) 1.77 (752.4)
P
o E3
| 373 2.09 (888.4) 1.79 (759.6) 1.43 (609.1) 1.78 (757.0)
2.00 -+
1.95 -
1.90 -
=¢=F1 (Meas.)
ot =fi=—E1 (Pred.)
= 1.80 A
= ==fe=E2 (Meas.)
O 175
e—=F2 (Pred.)
1.70 1 =3i=E3 (Meas.)
1.65 1 ~®—E3 (Pred.)
1-60 T T T
310 330 350 370
T (K)

Figure 1. Measured (Meas.) and predicted (Pred.) heat capacities of ethers (E1-E3).

From Figure 1, one can realize that it is not necessary for the more complicated ethers
to have higher specific heat capacities (per mass basis). This can be justified that the simple
structures (e.g., E1) have the potential to form stronger intermolecular bonding compared
to complicated structures (e.g., E2 & E3).

Density measurements of four ethers (3d, 3g, 3h. and E1) were also performed at
temperatures up to 363 K (90 °C) (see Figure 2). Interestingly, as can be noted from Figure
2, all of the four studied ethers exhibit an exact linear decrease in density with temperature.
The bromo group in 3d and 3g makes their densities higher compared to 3h and E1. Thus
3d and 3g share the same slope value (-0.001), while also E3 and E4 themselves share the
same slope (—0.0008). Moreover, the benzyl-group (3g) leads to a higher density of mole-
cules as compared to the hexyl-group (3d).
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Figure 2. Density measurements of ethers 4-bromobenzyl benzyl ether (3g); 4-bromobenzyl hexyl
ether (3d); dibenzyl ether (3h) and benzyl phenylethyl ether (E1).

Lastly, thermal gravimetric analysis (TGA) has shown that especially the extended
ethers such as 8b are stable up to 573 K (300 °C), even in air without large weight loss %.
Figure 3, shows the thermal stability of four ethers (E1, E2, E3 and 8b).
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Figure 3. Thermal stability study of ethers (E1, E2, E3 and 8b), as weight% remaining vs. tempera-

ture (K), performed by TGA.
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Figure 4. Structures of benzyl ethers E1, E2, E3, and 8b used in the thermal stabiliy studies shown

above.

While benzyl phenylethyl ether (E1) already shows volatility and some thermal deg-
radation between 400 K (127 °C) and 475 K (200 °C), the other studied ethers E2, E3 and
8b are thermally stable at temperatures even over 500 K (227 °C), with 8b showing little
thermal degradation at temperatures as high as 590 K (317 °C). At the same time, E2 has a
higher heat capacity and can be synthesized more easily than E3 and 8b, thus the possi-
bility of using E2, as a main component of a new HTF, may be preferable.

In conclusion, for the melting points of the prepared compounds, it can be said that
for simple molecules, there was a good agreement between the calculated and measured
values. For the extended ethers, this does not hold true. Most likely, due to their compli-
cated geometric structure, molecular packing is frustrated, and so these ethers are liquids
at room temperature. Importantly, Thermal Gravimetric Analysis (TGA) has shown that
especially the extended ethers such as 8b are stable up to over 300 °C, even in air.

3.3. Long Time Stability of the Compounds at Room Temperature

It was found that the materials need to be used and stored under inert, oxygen free
conditions. Nevertheless, most of the solid materials, when packaged under air, could be
kept at rt for a long time without noticeable change. Thus, elemental analysis carried out
on solid substituted dibenzyl ethers as well as on extended derivatives showed no change
of the materials after 12 months. Much less stable over longer periods of time when openly
exposed to the laboratory environment are those materials that are oils at rt. This is most
likely either due to the known autooxidation of benzyl ethers [25] with a decomposition
of the ensuing a-hydroperoxides to esters, carboxylic acids and aldehydes [26] or a reac-
tion of benzyl ethers [27] with ambient ozone present in the laboratory environment. Thus,
prone to oxidation was the 4-bromobenzyl series, where the compounds were kept at am-
bient temperature in an open space for 12 months. Here, air oxidation of the benzyl func-
tion happened readily, giving 4-bromobenzaldehyde (9a), 4-bromobenzoic acid (10a) and
the corresponding alkyl 4-bromobenzoates, e.g., 11a (19.1%) (Scheme 5). Under the same
conditions, 4-bromobenzyl benzyl ether (3g) was shown to give oxidation products that
showed a mixture of 4-bromobenzaldehyde (9a, 2.5%), benzaldehyde (9b, 2.0%), 4-bromo-
benzoic acid (10a, 25%) and benzoic acid (10b, 20%) and the four possible combinations
of benzyl benzoates 11b-e (Scheme 6), indicating that at least a certain percentage of ben-
zyl benzoate (3.0%) is formed through esterification of the benzoic acids and benzyl alco-
hols formed. However, of these oxidation products, benzyl 4-bromobenzoate (9.5%) is

dominant.
Q
C.Hy air CHO .. _CO.H J,L‘
O SO T O
B rf, 365 days B B - . o
3c 9a (5.00) 10a 143.9%) 11a 19186

Scheme 5. Degradation of 4-bromobenzyl n-pentyl ether (3¢) by autoxidation at rt open to ambient

air for 1 year.
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Scheme 6. Degradation of 4-bromobenzyl benzyl ether (3g) by autoxidation at rt open to ambient
air for 1 year.
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