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Both tetrahydrofuran (THF) and 2-methyltetrahydrofuran (MTHF) are studied systematically at desired temper-

atures using molecular dynamics simulations. The results show that the calculated densities are well consistent with

experiment. Their glass transition temperatures are obtained: 115 K∼ 130 K for THF and 131 K∼ 142 K for MTHF.

The calculated results from the dipolar orientational time correlation functions indicate that the “long time” behavior

is often associated with a glass transition. From the radial and spatial distributions, we also find that the methyl has

a direct impact on the structural symmetry of molecules, which leads to the differences of physical properties between

THF and MTHF.
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1. Introduction

Recently, great attention is paid to tetrahydro-

furan (THF) and 2-methyltetrahydrofuran (MTHF)

from both experimental and theoretical aspects as im-

portantly weak polar organic solvents due to their

application in chemical synthesis and in spectro-

scopic studies. As a promising candidate for hy-

drogen storage,[1,2] THF has already been studied

experimentally on the formation of clathrate hy-

drates. A THF stochastic clathrate hydrate model

is supported by X-ray Raman spectra (XRS).[3] For

MTHF, the famous structure-H (sH) has been veri-

fied by nuclear magnetic resonance (NMR) spectra.[4]

Such a new hydrate former can be used for a vari-

ety of applications due to high solubility with wa-

ter. The dynamics of concentration fluctuation in

the binary glass has been investigated by X-ray pho-

ton correlation spectroscopy[5] revealed that two dis-

tinct glass transition temperatures are 129.1 K and

245.1 K in the sample of 40% MTHF/oligomeric

methyl metacrylate. The glass transition behavior

of neat MTHF[6] has been reported firstly to oc-

cur at 91 ± 1 K in liquid. This result was also

checked using dielectric spectroscopy[7] and solva-

tion spectroscopy measurement.[8] More importantly,

MTHF can provide a cost-effective green alternative

to THF as a promising solvent for organometallic

reactions[9] and regioselective biotransformations.[10]

A recent study[11] reported that MTHF is also a

promising candidate to substitute dimethyl sulfoxide

(DMSO) or methyl tert-butyl ether (MTBE) in lyase-

catalyzed reactions. In fact, MTHF can be easily

obtained by hydrogenation from furfural, which is a

chemical production isolated from cellulose, hemicel-

luloses, and lignin such as corn crops or sugar cane

bagasse and other plant and agricultural waste. Con-

sequently, MTHF is a more environmentally friendly

green solvent and its use can meet the 3R (reduce,

recycle, reuse) consideration.

Theoretically, THF was investigated exten-

sively using atomic simulations.[12,13] The stochastic

clathrate hydrate model has been confirmed by molec-
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ular dynamics simulations (MD) and density func-

tional theory calculations of XRS.[3] Bedard-Hearn et

al.[12] found that the relaxation dynamics of all of

the rotational and translational degree of freedom of

neat THF occur on similar time scales and have sim-

ilar power spectra, making it impossible to discern

by the spectra density analysis which specific molec-

ular motions are involved in solvation. The mixed

quantum–classical MD[13] revealed that even at room

temperature, the solvation of sodium atoms in THF

proceeds in discrete steps, with the number of sol-

vent molecules closest to the atom changing one at

a time. At room temperature the symmetry of the

tri-iodide ion breaking takes place in ethanol, but

not in MTHF. It indicated that the symmetry of

solvent molecules affects the solvent frequency shifts

and relaxation processes.[14] To apply them better

in materials, chemical reaction, and energy sources,

different models[15−18] have been proposed to make

clear the structural properties of neat THF molecules.

Jorgensen and his co-workers[15] firstly developed a

united-atom (5-site) model and carried out Monte

Carlo (MC) calculations, which displayed it is a rea-

sonable approximation to consider THF as planar.

Then, three conformations of THF have been reported

by Girard et al. in different force fields,[17,18] i.e., the

so-called planar, envelope, and twist conformations.

They found the twist conformation is the stablest one.

However, very few theoretical studies have been per-

formed to analyze the structures and properties of

neat MTHF.

In the present paper, we employ MD to calculate

primarily the thermodynamic and structural proper-

ties of MTHF molecules at desired temperatures, in-

cluding the density, the self-diffusion coefficient, the

dipolar orientational correlation functions, and the ra-

dial and spatial distribution functions. For compari-

son, the corresponding physical properties of THF are

calculated. The primary aim is to study the glass

transition of THF and MTHF by analyzing the struc-

tural and physical properties. This paper is organized

as follows. The model and computational details are

described in the next section. In Section 3, we display

the results of simulations and discuss the thermody-

namic properties, the orientational dynamics, and the

local structures in details. Conclusions are given in

the last section.

2. Model and computational de-

tails

THF and MTHF are made up of 13 and 16 atoms,

respectively, including oxygen, carbon, and hydrogen

atoms. As depicted in Fig. 1, hydrogen is bonded with

carbon to form C–H bonds. The carbon atoms on 5-

site rings are not in the same plane. The all-atom

model is adopted to improve the accuracy of the com-

puter simulations. Ab initio quantum chemical cal-

culations are preformed using the restricted Hartree–

Fock method (RHF) as described in the program

“Guassian 09”[19] to minimize energy and then op-

timize geometries. The geometries are optimized with

6-31G(d,p) double-zeta basis set in vacuum. During

the optimizations, no atoms are hindered to move.

The level of convergence for the energy optimization

is about 10−10 hartree (1 hartree = 27.21 eV). The

bond parameters and the atomic charges of station-

ary conformation from ab initio calculations are listed

in Table 1.

(a) THF

(b) MTHF

Fig. 1. (colour online) The sketch of the optimized ge-

ometries of THF (a) and MTHF (b). The red, green, and

grey ball represent oxygen, carbon, and hydrogen atoms,

respectively.

086402-2



Chin. Phys. B Vol. 21, No. 8 (2012) 086402

Table 1. The bond and Lennard–Jones potential parameters for THF and MTHF, 1 Å = 0.1 nm.

THF and MTHF THF MTHF

m/g·mol−1 σ/Å ϵ/K · J ·mol−1 Atom species Q/e Atom species Q/e

O 15.9994 3.0041 0.7118 O −0.34548 O −0.34537

C 12.0110 3.4001 0.4581 C1 −0.00769 C1 0.08051

H 1.0080 2.5999 0.0628 C2 −0.19765 C2 −0.19307

C3 −0.19765 C3 −0.19845

Bond lengths/Å Bond angles/(◦) C4 −0.00769 C4 −0.00759

O–C 1.410 C–O–C 111.5 H5 0.08141 C5 −0.29391

C–C 1.528 O–C–C 104.7 ∼ 109.2 H6 0.10504 H6 0.07400

C–H 1.085 O–C–H 109.0 H7 0.09547 H7 0.10182

C–C–C 101.6 ∼ 115.7 H8 0.09547 H8 0.09433

C–C–H 110.0 ∼ 113.8 H9 0.10504 H9 0.10467

H–C–H 108.0 H10 0.08141 H10 0.09579

H11 0.09616 H11 0.09359

H12 0.09616 H12 0.08422

H13 0.10976

H14 0.09991

H15 0.09979

Note: for MTHF, the bond lengths of C1–C5 and C3–C4 are 1.516 Å and 1.532 Å, respectively; the

bond angle of C2–C1–C5 is 115.7◦. m is the atomic molar mass in units of g·mol−1. Q is the atomic

partial charge in e units, i.e., qm or qn in Eq. (1), where e is the charge of the proton.

In this study, an empirical potential model is em-

ployed to deal with the interactions of molecules. The

intermolecular energy expression

ϕmn = 4ϵmn

[(
σmn

rmn

)12

−
(
σmn

rmn

)6
]
+

qmqn
4πε0rmn

(1)

primarily consists of the Lennard–Jones potential en-

ergy and the electrostatic interactions. Here, ϵmn and

σmn are related to the energy and distance scales of

the Lennard–Jones (LJ) interactions, which provide

short-range intermolecular repulsion and describe the

molecular size.[14,20] qm and qn are the atomic partial

charges which determine the molecular polarity. ε0

represents the vacuum permittivity and rmn denotes

the distance between two atom sites. The LJ potential

parameters of the same species atoms derived from

Amber 94, see Table 1. Interactions between unlike

atoms in different molecules can be approximated us-

ing the venerable Lorentz–Berthelot mixing rules.[21]

The cross terms ϵmn, σmn are given by

ϵmn =
√
ϵmm · ϵnn, (2)

σmn =
σmm + σnn

2
, (3)

where ϵmm (ϵnn), σmm (σnn) are the LJ potential pa-

rameters of the same species atoms, i.e., ϵ and σ in

Table 1.

Based on the static conformations obtained from

ab initio calculations, MD are implemented using the

DL POLY package.[22] In simulations, each cell con-

tains 256 molecules for each simulation and the cubic

periodic condition is used to eliminate the boundary

effect of surface. The cut-off for the long-range inter-

actions is 12 Å. The Ewald sum method is adopted

to treat electrostatic interactions. The intramolecu-

lar constrains of the molecules are conserved by us-

ing the SHAKE procedure.[23] The time step is 1 fs.

Velocities and coordinates of all sites are collected

in 100-fs intervals. At the starting point, THF and

MTHF molecules are located randomly on two differ-

ent FCC lattices, and they are heated step by step up

to 336 K and 350 K, respectively. At higher temper-

atures, the static cubic simulation boxes are caused

after experiencing 2-ns evolution with the constant-

pressure and constant temperature ensemble (NPT) at

1 atm (1 atm = 1.01325× 105 Pa). Then, the ensem-

bles are changed from NPT to the canonical ensemble

(NVT) for improving the efficiency of computer. And

the simulations are carried out 2.5 ns after undergoing

a pre-equilibration of 100 ps in the NVT ensemble. Af-

ter the systems are equilibrated, the trajectories of the

last 600 ps are collected for data analysis. Then, THF

and MTHF systems are in turn annealed to 50 K and

75 K, respectively, within 15 K–25 K intervals. The

above simulation processes are reduplicated at desired
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temperatures.

3. Results and discussion

3.1.Thermodynamic properties

The glass transition temperature (Tg) is a very

useful parameter in estimating the mechanical proper-

ties of a material.[24] Tg can be defined by the change

in the thermal expansion coefficient which often de-

scribed by the density (ρ) or the specific volume (Vg).

To get a picture of the glass transition behavior, the

density ρ and the specific volume Vg are calculated.

Figure 2 shows the temperature dependences of the

density and the specific volume for THF and MTHF.
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Fig. 2. (colour online) The temperature dependences of the density and the specific volume. In panels (a) and (b), the

circle and triangle symbols represent the calculated and experimental densities, respectively. In panels (c) and (d) the

blue solid lines are the linear fitting of Vg ∝ T in liquid state and glassy state.

It is obvious from Figs. 2(a) and 2(b) that the

densities increase with decreasing temperatures for

both THF and MTHF. There exist corner points at

around 140 K, which divide the curves into two parts

with different slopes. The slopes become smaller at

the temperatures below 140 K. This indicates that

the densities have been little influenced by temper-

ature at the lower temperatures below 140 K. The

molecular structures become denser and denser with

the temperature decreasing. This reflects the increas-

ing hopping rates of molecular motion above 140 K

whereas a slowing down of molecular motion below

140 K. We think that the breakpoints at around 140 K

are associated with the glass transition temperatures,

which will be described further in the following dis-

cussons (Figs. 3–5). At room temperature, the den-

sities of THF and MTHF are ρTHF = 0.8820 g/cm3

and ρMTHF = 0.8716 g/cm3 which are in good agree-

ment with experiment.[25,26] The relative errors are

0.5% and 2.6%, respectively. The slightly discrepan-

cies between the calculated and experimental values

can be explained as follows. The primary reason is

that the interaction potentials are just not sufficiently

precise to reproduce the correct density. Another one

is that the bond parameters are taken from ab initio

calculations of single-particle gas phases, whereas the

present simulations are based on multi-particle liquid

phases. By contrast, the atom distances of gas phases

are larger than those of liquid phases. Thirdly, THF

and MTHF molecules are viewed as rigid body in sim-

ulations, which are equivalent to increasing the system

volume. Thus, the calculated densities are somewhat

smaller than the experimental data.

On the contrary, the Vg decreases nonlinearly as

the temperature decreasing, see Figs. 2(c) and 2(d).

This change does not occur suddenly, but rather over

a range of temperatures which has been called “trans-

formation range”. Here Tg is defined by extrapolating
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Vg in the glassy state back to the liquid line.[27,28]

The Vg ∝ T curves in the glassy state and liquid state

can be fitted linearly as Vg = a + bT , where a, b are

the fitting parameters. The horizontal coordinates of

the intersection point of the fitting lines are approx-

imatively considered as Tg. As a result, the Tg for

THF and MTHF are almost 130 K and 142 K, respec-

tively. Experimentally, although Tg often depends on

the cooling rate, the dependence of Tg upon cooling

rate is relatively weak. In the present study, we esti-

mate the glass transition temperatures without con-

sidering the change of cooling rate in simulations.

The mean square displacement (MSD), is a good

measure of the average distance that a given parti-

cle in a system travels. Although the MSD gives us

information about the atomic diffusion processes in

the medium, it is more useful to characterize the glass

transition behavior of the system by self-diffusion co-

efficient D. For a three-dimensional system, D can be

written as[21]

D = lim
t→∞

1

6Nt

N∑
i=1

⟨|ri(t)− ri(0)|2⟩ =
1

6

d

dt
⟨r2(t)⟩,

(4)

where N is the number of particles and ri(t) − ri(0)

denotes the vector distance traveled by a given parti-

cle over the time intervals.

The Arrhenius plots of the self-diffusion coeffi-

cient as a function of temperature are shown in Fig. 3.

It can be seen clearly that the log(D) ∝ 1/T curves

exhibit a break or a step change in the vicinity of the

glass transition temperatures. We find the Arrhenius

plots go at different linear relations in liquid and glassy

state. The different behaviors in the log(D) ∝ 1/T

plots reflect different motion modes of molecules in the

different states. By extrapolating method,[29,30] we

can obtain the glass transition temperatures of THF

and MTHF are 115 K and 131 K, respectively.

In contrast, the glass transition temperatures are

about 10 K ∼ 20 K lower than those obtained from the

Vg ∝ T curves. Because it is often difficult to make a

distinction the accuracy between the two methods, we

prefer to the results that Tg = 115 ∼ 130 K for THF,

whereas Tg = 131 ∼ 142 K for MTHF. This glass tran-

sition temperature for MTHF is higher than Tg = 92 K

confirmed by experiment.[6] The LJ potential maybe

responsible for the discrepancy. To diminish the differ-

ences between the calculated and experimental data,

it is very important to select suitable force field and

interaction potential in simulations.
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Fig. 3. (colour online) The Arrhenius plots of the self-

diffusion coefficient as a function of temperature in THF

(a) and MTHF (b). The solid lines are the fitting lines in

the liquid and the glassy state.

3.2.Orientational dynamics

The solvation dynamics is often monitored by

the decay of solvation time correlation functions.[31]

The dipolar orientational time correlation functions

(Cµ(t)) describe the orientational motion behaviors

and reflect glass transition processes of solvent dynam-

ically. Cµ(t) can be expressed as[21,32]

Cµ(t) =
⟨µi(t) · µi(0)⟩
⟨µi(0) · µi(0)⟩

, (5)

where µi(t) is the dipole moment vector of molecule

at time t, and ⟨µi(t) · µi(0)⟩ denotes averaging over

initial time 0 and over molecules.

The plots of the dipolar orientational correlation

functions Cµ(t) against time for THF and MTHF

molecules are shown in Fig. 4. It can be seen obviously

that the Cµ(t)s decay with increasing time and the

amplitudes of decay are significantly distinct at differ-

ent temperatures. The higher the temperature climbs,

the faster the Cµ(t) decays. However, the Cµ(t) ∼ t

curves are rather gentle at 135 K for THF and at 150 K

for MTHF. This indicates the dipolar orientational dy-

namics are more drastic at higher temperatures and

the motions of molecule are restricted at lower tem-

peratures. Compared Fig. 4(a) with Fig. 4(b), it is

very clear that the decay of Cµ(t) for THF are faster
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than the ones for MTHF at the same temperatures,

and the scales of decay are in tens of picoseconds

or hundreds of picoseconds, which signifies the rota-

tional motions of THF molecules are more faster than

MTHF. A fairly satisfactory multi-exponential fitting

to Cµ(t) ∼ t curves can be described as

Cµ(t) = C1 exp(−t/τ1) + C2 exp(−t/τ2), (6)

here τ1 and τ2 represent the decay factors of short and

long time relaxation behavior, respectively. C1 and C2

are the coefficients of the “short time” scale and the

“long time” scale. The parameters C1, C2, τ1, and

τ2 are listed in Table 2, where we have also given the

average orientational correlation time τµ defined by

τµ =

∫ ∞

0

Cµ(t)dt. (7)

From Table 2, it can be found that the decay fac-

tors of the “long time” scales (τ2) are longer than the

decay factors of the “short time” scales (τ1) for both

THF and MTHF. τ1 is a few picoseconds and τ2 is

larger than 2 ps. At room temperature, τ2 is about

11 times larger than τ1. For THF, τ2 is 446.0149 ps

and around 50 times larger than τ1 at 135 K, whereas

the corresponding datum is 384.7521 ps and about

40 times at 150 K for MTHF. The calculated results

are in agreement with Williams’ theory,[33] where the

“short time” scales of the dipole correlation functions

are somewhat arbitrary and the “long time” scales

correspond to time greater than about 2 ps. This

demonstrates that the “long time” behaviors play a

major role in the relaxations, especially at lower tem-

peratures. In fact, the average orientational correla-

tion time τµ is a symbol of the relaxation extent. τµ

is in the scale of picosecond, which suggests that the

relaxation is a transient processes.
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Fig. 4. (colour online) The dipolar orientational correla-

tion functions (solid points with black, blue, magenta, or

navy), Cµ(t), and their fits (solid green lines) for THF (a)

and MTHF (b) at different temperatures.

Table 2. The parameters of the fitting to Cµ(t) ∼ t curves presented in Fig. 4.

Temperature/K C1 C2 τ1/ps τ2/ps τµ/ps

THF

298 0.1761 0.8239 0.3021 3.2131 2.7005

225 0.1765 0.8235 0.5220 9.6091 8.0081

175 0.2013 0.7987 1.8376 33.2771 26.9483

135 0.1478 0.8522 8.9948 446.0149 381.4233

MTHF

298 0.2087 0.7913 0.4551 5.3717 4.3456

225 0.2382 0.7618 1.4410 19.4858 15.1875

200 0.2279 0.7721 2.6813 49.8020 39.0632

150 0.1980 0.8020 10.0649 384.7521 310.5640

Generally speaking, for rotational processes oc-

curring in the “short time” scales, the inertial effects

of molecules are of great importance and usually there

are not transition of states. On the contrary, for pro-

cesses occurring in the “long time” scales, the inertial

effects are less important and the motions may be as-

sociated with the classical reorientation of molecules

(or parts of molecules) in Brownian motions. This

case is often kept in company with a transition from

a state to another.[33] From the point of view, we es-

timate that a glass transition takes place near 135 K

for THF and 150 K for MTHF. Hence, it is easy to

understand the fact that the Cµ(t) decay to zero after

experiencing a given time where spanning over 25 ps
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to 200 ps (Fig. 4). This is because the dipole moments

of THF and MTHF are able to take up all possible ori-

entations in space. Nevertheless, when the tempera-

ture declines to near the glass transition temperatures

whether for THF or MTHF, the Cµ(t) actually decay

but at a very slow rate. The reason is that the flu-

idity and the rotational behavior of molecules in the

glassy state are much slower than in liquid, in other

word, some molecules are confined in glassy state and

the vector sums of the dipolar moment vectors are not

zero at a short time scale. In practice, the glass tran-

sition processes are associated with the reorientation

and rearrangement of molecules, and the long-time tail

of Cµ(t) is a direct indicator of the extent of restric-

tions, with larger value signifying a more restricted

environment for molecular reorientation.

3.3. Local structures

The radial distribution functions (RDFs, marked

as g(r)) are often applied to analyse the structure and

the phase transition processes.[34,35] To get a clear pic-

ture of the local structure of THF and MTHF, the

RDFS of oxygen–oxygen and oxygen–carbon are cal-

culated, and the results are plotted in Figs. 5–7, re-

spectively.

Figure 5 shows the temperature dependences of

RDFs (i.e., gOO(r)) between two oxygen atoms. At

room temperature, a peak is obtained at about 5.65 Å

for MTHF, and 4.75 Å for THF, respectively. The

latter is different slightly from the result of the classi-

cal MC,[15] which hits the peak at around 5.0 Å, see

Fig. 5(a). Apart from the inherent limitations of the

classical potentials, the possible reason for this dis-

agreement may be the fact that the intramolecular

potentials of this work are derived from Amber 94,

whereas the potential parameters of the classical MC

from molecular mechanics (MM2) calculations. More-

over, the charge on the oxygen in this study is 0.35 e,

which is different from 0.50 e in the classical MC. At

the temperatures higher than 298 K, the peaks of both

THF and MTHF have no obvious shift except a little

decreasing in intensity, see Figs. 5(b) and 5(c). How-

ever, when temperature is below room temperature,

the gOO(r) of THF and MTHF shows a different de-

pendence with temperature decreasing from 336 K (for

THF) or 350 K (for MTHF) to 75 K. For THF, the

peak at 4.75 Å does not shift, but its intensity ex-

periences a distinct increase, as shown in Fig. 5(b).

By contrast, the peak of MTHF at 5.65 Å shows a

slight increase in intensity, and another peak appears

near r = 4.65 Å at the temperatures below 150 K, see

Fig. 5(c). It demonstrates that the temperature has a

great impact on the structures of oxygen–oxygen for

MTHF.
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the RDFs between two oxygen atoms at room tempera-

ture (a). Panels (b) and (c) represent the gOO (r) for THF

and MTHF at different temperatures, respectively.

Figures 6 and 7 represent the RDFs between oxy-

gen and carbon groups in THF and MTHF, respec-

tively, including gOC1(r), gOC4(r), and gOC5(r). It is

obvious for both THF and MTHF that the structure

sharpen with decreasing temperature accompanied by

an inward shift slightly of the peak in the RDFs. Com-

pared gOC1(r) with gOC4(r), THF exhibits a quite sim-

ilar double-peak phenomenon in the regime of r ≤ 8 Å

(Figs. 6(a) and 6(b)), whereas MTHF exhibits a dif-

ferent change, as shown in Figs. 7(a) and 7(b). For

THF, the RDFs reaches the first and the second peaks

at around 3.65 Å and 5.15 Å, respectively, and the

double-peak becomes more pronounced at the tem-
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peratures lower than 150 K. The double-peak struc-

tures in the RDFs have been explained as no clear

structures due to the rather small σ0 in the previ-

ous literatures.[17,18] In our opinions, it seems more

reasonable that the orientations of pairs of the clos-

est neighbors molecules are parallel or perpendicular,

and the double-peak structures appear when the two

orientations are coexist at lower temperatures.

4 6 8 10 12 14
0

0.5

1.0

1.5

0

0.5

1.0

1.5

(b) O-C4

75 K

135 K

250 K

336 K

(a) O-C1
THF

r/A

g
O

C
4
↼r
↽

g
O

C
1
↼r
↽

Fig. 6. (colour online) The RDFs gOC1 (r) (a) and

gOC4 (r) (b) between oxygen and carbon groups as a func-

tion of temperature for THF.

For MTHF, the gOC1(r) shows a single peak at

small r (r ≤ 8 Å, see Fig. 7(a)), whereas the gOC4(r)

shows a distinct double-peak structure (Fig. 7(b)),

similar to gOC4(r) of THF in Fig. 6(b). Furthermore,

the g(r)OC4 are broad with a peak near 3.65 Å, which

are not found in the g(r)OC1 . A close look at Fig. 7(c)

reveals that the peak around 3.65 Å of the g(r)OC5

diminishes and vanishes finally as increasing temper-

ature, which is quite similar to the gOC4(r) with a

maximum near 5.75 Å and the second maximum near

3.65 Å.

Similar temperature dependences of gOC1(r) and

gOC4(r) for THF, in part, can be explained by the sym-

metry of local structure. This symmetrical structure

is also checked by the spatial distribution functions

(SDFs). As shown in Fig. 8, the center of local co-

ordinate system is set at O site, the X axis goes as

a mediana of C1–O–C4 angle, and the Z axis is per-

pendicular the plane defined by the three sites. Fig-

ure 8(a) displays the SDF of O–C1 is same to O–C4

for THF. This indicates the distributions of C1 and

C4 atoms are pretty spherically symmetrical. Mean-

while, the approximate planes defined by five-site ring

for THF molecules are most likely parallel each other,

as presented in the previous references.[16,18] However,

for MTHF, the overlap region with the SDF of O–C4

is the one of O–C5, not that of O–C1, as shown in

Fig. 8(b). It suggests that the methyl breaks the orig-

inal symmetry of C1 and C4, and a new structure with

the symmetry of C4 and C5 is generated. Besides, the

C1 is distributed outward, which signifies the distance

of O–C1 is longer than O–C4. It is worth while noting

that the temperature has little effect on the distribu-

tion of C1 for MTHF. A conclusion may be drawn that

the rotations of MTHF molecules are at the center of

C1 group, whereas THF molecules rotate round C1 or

C4 group.
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C
1
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↽

g
O

C
4
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↽

g
O

C
5
↼r
↽

0

0.5

1.0

1.5

0

0.5

1.0

1.5

4 6 8 10 12 14
0

0.5

1.0

1.5

MTHF (a) O-C1

75 K

150 K

250 K

350 K

(b) O-C4

(c) O-C5

Fig. 7. (colour online) The RDFs gOC1 (r) (a), gOC4 (r)

(b), and gOC5 (r) (c) between oxygen and carbon groups

as a function of temperature for MTHF.
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(a) THF

(b) MTHF

Fig. 8. (colour online) The spatial distribution sketches

of O–C1, O–C4, and O–C5 for THF (a) and MTHF (b)

at room temperature. The red, green, and grey balls rep-

resent oxygen, carbon, and hydrogen atoms, respectively.

The cyan, magenta, and dark yellow region denote the pos-

sibility of spatial distribution of C1, C4, and C5 around

O site.

4. Conclusion

We have investigated the thermodynamic prop-

erties of tetrahydrofuran and 2-methyl tetrahydrofu-

ran by molecular dynamics simulations. These struc-

tures derived from ab initio calculations of gas phase

of THF and MTHF have been verified to be basically

successful for predicting the thermodynamic proper-

ties of their liquid phase. Despite the structures of

THF and MTHF are similar to each other except for

a methyl bonding to the 5-site ring of MTHF, the ther-

modynamic properties of MTHF is completely differ-

ent from those of THF. The calculated results indicate

that the densities are in good agreement with exper-

imental data. From the specific volume and the self-

diffusion coefficient, we have obtained that the liquid–

glass transition occurs between 115 K and 130 K for

THF, while the glass transition temperature of MTHF

ranges from 131 K to 142 K. At the same time, the

present simulations show a strong temperature depen-

dences of the orientational relaxation for THF and

MTHF molecules, with shorter dipolar relaxation time

implying a quicker rotational behavior happening at

higher temperatures. In the dipole time correction

function, the “short time” behaviors and the “long

time” behaviors are the indicator of different motion

mechanism of molecules, and they should be analyzed

comprehensively, although the “long time” scales play

a critical role in the relaxation of molecules. By an-

alyzing the radial and spatial distributions, one can

draw a conclusion that the methyl directly influences

the structural symmetry of MTHF molecule which

causes the differences between THF and MTHF in the

reorientation and rearrangement of molecules when

the temperature changes.

It is worthwhile noting that, as a tetrahydrofu-

ran alternative, 2-methyltetrahydrofuran is being pro-

moted as more ecologically friendly green solvent. The

present study could provide a good understanding for

theoretical studies and practical applications of this

organic dipolar aprotic solvents.
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