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Abstract:  Propylene  oxide  (PO)  is  an
important  petrochemical  materials  used to
produce  downstream  products  such  as
propylene  glycol  (PG),  polyether  polyols,
and  dipropylene  glycol  (DPG).  Among
these, DPG is commonly used as a solvent
for  fragrances,  cosmetics,  food  additives,
and detergents, and can also be served as a
moisturizer  in  cosmetics,  showing  broad
application  prospects.  The  distribution  of
DPG  isomers  in  the  products  synthesized
from PO and  PG has  a  significant  impact
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∆f Hθ ∆fGθ

PO+PG⇌ DPG PO+DPG⇌ TPG

PG+PG⇌ DPG+H2O PG+DPG⇌ TPG+H2O

on  the  quality  of  the  products.  Therefore,  conducting  thermodynamic  calculation  on  the  reaction  of  PO  and  PG to  synthesize
DPG  can  provide  a  theoretical  basis  for  practical  operations  and  product  distribution  regulation.  So,  in  this  paper,  the
thermodynamic parameters  of  PO,  1,2-PG, H2O, tripropylene glycol  (TPG) and three isomers  of  DPG under  different  reaction
conditions  is  calculated.  Additionally,  the  ,   and  lnK  for  four  potential  reactions  at  various  reaction  temperatures  and
pressures  are  calculated.  By  designing  isodesmic  reactions  and  combining  the  results  of  thermodynamic  calculations,
the   and   for  the  isomers  of  DPG  are  obtained,  and  the  relative  error  is  less  than  7%.  The  results  show  that  in  the
process of preparing DPG by PO and PG, when PO∶PG = 1, the reaction temperature ranges from 298.15 to 413.15 K, and the
pressure ranges from 101.325 to 506.625 kPa,  the reactions of   and   are thermodynamically
spontaneous. While the reactions of   and   are thermodynamically unspontaneous.
The optimal reaction temperature and pressure are 413.15 K and 101.325 kPa. The thermodynamic stability of the three isomers
is  DPG1>DPG2>DPG3 under  standard  conditions.  The  accuracy  of  the  computational  results  is  verified  through experimental
design, and based on this, the factors affecting product distribution are analyzed.
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Dipropylene glycol (DPG) is a fine chemical widely used
in  commercial  products[1].  The  LO+  grade  DPG  is  more
expensive and serving as high-quality solvent for fragrance,
coupling  agent  and  moisturizer  in  cosmetics[2−3].  However,
industrial  grade  DPG  is  cheaper  and  thus  widely  used  in
coatings,  plasticizers  and  polyurethane[4].  The  difference
between  the  two  products  is  mainly  in  the  content  of  the

isomers[5]. So, tuning the isomers distribution in the product
is very important.
Two  methods  for  producing  DPG  have  been  reported:

firstly, synthesis of DPG as a byproduct in the hydration of
propylene  oxide  (PO)  to  produce  1,2-propanediol  (PG)[6−7].
The method is not suitable for industrial production because
the  difficult  in  controlling  the  reaction  and  the  low  DPG 
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yield.  The  other  method  involves  the  reaction  of  PO  and
PG[8−9] under the action of the acidic[10−12] or basic catalyst[13]

which  is  widely  employed  currently.  The  product  quality
under the action of acid catalysts is relatively high with the
highest  proportion  of  DPG2,  while  the  product  quality
under the action of alkaline catalysts is lower with a higher
proportion of DPG1. Therefore, the quality of the product is
mainly related to the proportion of isomers.
Although  there  have  been  some  researches  on  the

preparation of DPG from PO and PG, less reported is found
on  the  thermodynamic  properties  of  the  reaction  and  the
isomers  distribution.  The  thermodynamic  analysis  of  the
reaction can not only serve as an important basis for judging
the spontaneity and extent of the reaction, but also provide
theoretical  guidance  for  setting  reaction  conditions  and
controlling  product  distribution[14−16].  It  has  been  reported
that  the  generation  ratio  of  the  isomers  is  well  consistent
with  thermodynamic  stability[5].  As  a  result,  the
computational analysis of the thermodynamic parameters of
different  isomers  will  be  necessary  for  predicting  the  ratio
of isomers in DPG production.

∆rG ∆rH

∆f Hθ)
∆fGθ

In this study, the structures of the reactants and products
related to the reaction as well  as three isomers of DPG are
optimized by Gaussian 16 software at the level of B3lyp/6-
311+G(d,p)  basis  set  level[17−20].  The  free  energy  change
( ),  enthalpy ( )  and equilibrium constant  (K)  of  the
reaction  under  different  conditions  are  calculated.  In
addition,  the  isodesmic  reaction  is  designed  to  obtain  the
standard  enthalpy  of  formation  (   and  standard  free
energy of formation ( ) for each isomer to compare the
thermodynamic stability. The yield and product distribution
of DPG under different reaction conditions are employed to
validate  the  accuracy  of  the  thermodynamic  calculations.
This  work will  provide a  theoretical  basis  for  the  selection
of  experimental  conditions  and  the  regulation  of  product
distribution.

 1    The analysis of the reaction process

 1.1    The main reaction pathway

In the presence of acidic or basic catalysts, PO undergoes
ring-opening and condenses with PG to form DPG. PO may
also  react  with  the  produced  DPG  to  form  tripropylene
glycol  (TPG)  and  other  products  with  higher  degrees  of

polymerization. The reaction process is shown in Figure 1.

 1.2    The related reaction pathway

PG  may  form  DPG  via  intermolecular  dehydration
condensation. PG may also react with the produced DPG to
form  TPG  and  other  polymers.  The  reaction  process  is
shown in Figure 2.
In short, the following reactions may be involved:

PO+PG⇌ DPG （1）

2PO+PG⇌ TPG （2）

2PG⇌ DPG+H2O （3）

3PG⇌ TPG+2H2O （4）

 2    Computational methods

H G
S
∆rH ∆rG K

The  structures  of  PO,  PG,  H2O,  DPG  and  TPG  (the
structure is in Figure S1) are optimized at B3LYP/6-311+G
(d,p)  level[21].  The  vibrational  frequencies  are  calculated  to
characterize the true minima using Gaussian 16 package[22].
In  the  temperature  range  of  373.15  to  433.15  K,  and  the
pressure range of 101.325 to 506.625 kPa, the PG, DPG and
TPG  are  liquid,  while  H2O  is  liquid  under  some  reaction
conditions.  During optimization of the structure,  molecules
in  the  liquid  state  are  calculated  using  the  PCM  solvation
model[23−25].  The  thermodynamic  parameters  of  each
molecule  including  enthalpy  ( ),  free  energy  ( )  and
entropy  ( )  are  obtained  under  different  conditions.
Additionally,  ,    and    of  the  four  possible
reactions are calculated.
The  structures  of  the  three  isomers:  1,1'-oxybis-2-

propanol (DPG1), 2,2'-oxybis-1-propanol (DPG2) and 2-(2-
hydroxyoxy)-1-propanol  (DPG3)  are  illustrated  in
Figure 3[26−27].

∆f Hθ ∆fGθ

∆f Hθ ∆fGθ

The isodesmic reaction method is often used to calculate
the    and    of  a  compound.  In  some  studies,  the
results  calculated using this  method are compared with the
experimental  values  with  a  maximum  deviation  of
9.6  kJ/mol[28−30].  So,    and    of  DPG1,  DPG2  and
DPG3  are  calculated  by  using  appropriate  isodesmic
reaction, thermodynamic calculation and relevant empirical
values.
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Fig. 1    The reaction process of PO and PG
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Fig. 2    The reaction process of PG and PG
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The isodesmic reaction between PO and PG to form DPG
is:

PO+PG = DPG （5）
Hθ

∆rHθ

Firstly,  the    of  each  molecule  is  calculated  at  the
B3lyp/6-311+G(d,p)  basis  set  level.  Then,  the  reaction
enthalpy   of Eq. (5) is obtained by using the following
equations:

∆rHθ = Hθ (DPG)−Hθ (PO)−Hθ (PG) （6）
∆rHθ

∆f Hθ

Additionally,    of  Eq.  (5)  has  the  following
relationship with   of reactants and products:

∆rHθ = ∆f Hθ (DPG)−∆f Hθ (PO)−∆f Hθ (PG) （7）
∆f Hθ (DPG)According to Eq. (6) and (7), the   is obtained

as:

∆f Hθ (DPG) =
[
Hθ (DPG)−Hθ (PO)−Hθ (PG)

]
+[

∆f Hθ (PO)+∆f Hθ (PG)
]

（8）

∆fGθ (DPG)
In  the  same  way,  the  formula  for  calculation  of

 is as following:

∆fGθ (DPG) =
[
Gθ (DPG)−Gθ (PO)−Gθ (PG)

]
+[

∆fGθ (PO)+∆fGθ (PG)
]

（9）

∆fGθ (PG)In  order  to  calculate  the  ,  the  reaction  in  Eq.
(10) is designed as:

3CGraphite+O2+4H2 = C3H8O2 （10）

Thus, the Eqs. (11)−(13) can be obtained:

∆rS θ = S θ (PG)−3S θ (C)−S θ (O2)−4S θ (H2) （11）

∆rHθ = ∆f Hθ (PG)−3∆f Hθ (C)−∆f Hθ (O2)−
4∆f Hθ (H2) = ∆f Hθ (PG) （12）

∆rGθ = ∆fGθ (PG) = ∆rHθ−T∆rS θ （13）

Hθ Gθ S θ

∆f Hθ ∆fGθ

The T in Eq. (13) is 298.15 K. The calculated values and
the  experimental  values  of  、 、 ,  as  well  as  the
experimental values of  、  of the molecule or atom
in Eqs. (6)−(9) and (11)−(13) are listed in Table S1.

 3    Experimental

In order to verify the accuracy of the calculation results,
the  following  experiment  is  designed.  The  reaction

conditions  are:  101.325  kPa,  the  feed  molar  ratio  is  PO:
PG=1.  The  reactants  are  put  into  a  high-pressure  reactor
without  catalyst,  the  reaction  temperatures  are  373.15,
383.15,  393.15,  403.15,  413.15,  423.15  and  433.15  K,
respectively.  The  reactions  are  also  carried  out  at  the
optimal  temperature  for  4,  6,  8,  10  and  16  h,  respectively.
The  products  are  analyzed  on  Agilent  8860  Gas
Chromatograph  equipped  with  HP-5  column  (30  m×
250 μm×0.25 μm) and flame ionization detector (FID). The
conversion of PO, the selectivity and yield of DPG as well
as  the  selectivity  of  TPG  and  the  product-distribution  are
compared.

 4    Results and discussion

 4.1    Thermodynamic parameters

H
G S
The thermodynamic parameters including   (Table S2),
  (Table  S3)  and    (Table  S4)  of  the  reactants  and

products  involved  in  reactions  (1)−(4)  are  calculated  at
different states.

∆rH ∆rG KThen, the results are used to obtain the  ,   and 
for the four reactions.

 4.2    Calculation of ΔrH

∆rH

∆rH

The  effect  of  temperature  on    of  the  reactions  is
investigated,  and  the  results  are  shown  in Figure  4.  Under
standard atmospheric  pressure  and the temperature  ranging
from 373.15 to 433.15 K, the   of reactions (1) and (2)
are  both  negative  revealing  that  the  reactions  are
exothermic.  While  those  of  reactions  (3)  and  (4)  are  both
positive which mean that the two reactions are endothermic.

 4.3    Calculation of ΔrG

∆rG

∆rG

∆rG

∆rG

The effect of temperature on   of the reactions is also
studied  (Figure  5).  Under  standard  atmospheric  pressure
and  the  temperature  ranging  from  373.15  to  433.15  K,

  of  reactions  (1)  and  (2)  are  both  negative,  revealing
that  the  two  reactions  are  spontaneous.  Moreover,  as  the
temperature  increases,  the    becomes  larger,  i.e.,  high
temperature  is  unfavorable  for  the  reaction.  However,  the
reactions  (3)  and  (4)  cannot  occur  spontaneously  since  the

 of the reactions are positive.
∆rG

∆rG

∆rG
∆rG

The  effect  of  pressure  on  the    of  the  reactions  is
illustrated  in  Figure  6.  For  the  pressure  ranging  from
101.325 to 506.625 kPa at 298.15, 373.15, 383.15, 393.15,
403.15, 413.15, 423.15, 433.15 K, the   of reactions (1)
and  (2)  are  both  negative,  suggesting  that  these  two
reactions  can  be  conducted  spontaneously.  As  the  pressure
increases, the   decreases, i.e. high pressure is conducive
to  the  reaction.  However,  the   of  reactions  (3)  and  (4)
are both positive, illustrating that these two reactions cannot
occur spontaneously.
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Fig. 3    Structural formulas of isomers of DPG
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⇌ ⇌ ⇌ ⇌(a): PO+PG DPG; (b): 2PO+PG TPG; (c): 2PG DPG+H2O; (d): 3PG TPG+2H2O.

∆rHFig. 4    The  of reactions (1)−(4) under different temperatures at 101.325 kPa
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In summary, under the temperature ranging from 373.15
to  433.15  K  and  the  pressure  ranging  from  101.325  to

506.625  kPa,  reactions  (1)  and  (2)  are  both  spontaneous.
While reactions (3) and (4) are both non-spontaneous. In the
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reaction  of  preparing  DPG  from  PO  and  PG,  only  the
following two reactions are included (1), (2).

 4.4    Calculation of K

K

lnK

lnK

The  effect  of  temperature  on    of  the  reaction  is  then
investigated.  As  illustrated  in  Figure  7,  under  standard
atmospheric  pressure  and  the  temperature  ranging  from
373.15  to  433.15  K,  the    of  reactions  (1)  and  (2)  are
both positive.  As the  temperature  increases,  lnK decreases,
which indicates that high temperatures reduce the extent of
the  reaction.  However,  as  the  temperature  increases,  the
extent of reaction (2) is reduced more than that of reaction
(1),  revealing  that  high  temperature  is  conducive  to
improving  the  selectivity  of  DPG.  As  is  well  known,
increasing the temperature will  accelerate the reaction rate.
However,  when  the  temperature  reaches  403.15  to
413.15 K,   of the preparation of DPG3 will be less than
5,  which  tends  to  be  reversible.  The  result  shows  that  the
optimal  temperature  for  the  reaction  is  between  403.15  to
413.15 K.

KThe  effect  of  pressure  on  the    of  the  reaction  is
illustrated  in  Figure  8.  When  the  pressure  is  between
101.325  to  506.625  kPa  and  at  298.15,  373.15,  383.15,

lnK393.15,  403.15,  413.15,  423.15,  433.15  K,  the    of
reactions  (1)  and (2)  are  both positive  which increase with
the increasing of the pressure. It indicates that high pressure
is  favorable  for  the  reaction.  However,  as  the  pressure
increases,  the  improving  extent  of  reaction  (2)  is  greater
than that of reaction (1), suggesting that high pressure is not
conducive  to  promote  the  selectivity  of  DPG.  So,  the
suitable reaction pressure is 101.325 kPa (Figure 9).
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GUO Na et al.：Thermodynamic study and experimental verification on…… / J Fuel Chem Technol, 2026, 54(2), 20250179 (6 of 10)



 4.5    The thermodynamic stability of isomers

∆f Hθ ∆fGθ ∆f Hθ ∆fGθ

∆fGθ

Isodesmic reaction 5 is designed to derive the calculation
formulas of  and  (8), (9). Then, the  and 
of  DPG1,  DPG2  and  DPG3  are  obtained  respectively,
which is compared with the calculation results of the group
contribution  method[31]  (The  calculation  data  of  the  group
contribution method is in Table S5) with error less than 7%.
(Table  1).  According  to  thermodynamic  principle,  isomer
with lower   will be more stable[17]. Naturally, it can be
found that the thermodynamic stability of the isomers under
standard  conditions  is  in  the  order  of:  DPG1  >  DPG2  >
DPG3.

 4.6    Experimental results

nDPGpro

nPOcon

×100%

The accuracy of the computational results is thus verified
by experiment (Figure 10). The main product of the reaction
is  DPG,  and  the  by-product  is  mainly  TPG.  It  can  be
observed that at  413.15 K, the selectivity of DPG which is
the ratio of the amount of substance of DPG produced to the
amount  of  substance  of  converted  PO  (SDPG  =

) is the highest (Figure 10(a)), demonstrating
that  the  computational  results  correspond  with  the
experimental results. As shown in (Figure 10(b)), within the
first 8 h, the product is primarily DPG. This is because the
feed  ratio  is  PG∶PO=1,  which  is  beneficial  to  generate
DPG.  However,  as  the  amount  of  DPG  increases,  it  will
continue to react with PO to form TPG and the reaction rate
of DPG will increase.
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∆f Hθ ∆fGθTable 1    Calculated  and  of different DPG isomers
 

the isomers of DPG ΔfH
θ/(kJ·mol −1) ΔfG

θ/(kJ·mol −1)

DPG1 −668.58 −430.19
DPG2 −661.79 −423.56
DPG3 −656.01 −417.87

Calculation results of
the group

contribution method

−624.72* −407.32*

（5.01%−7.02%） （2.38%−5.61%）

*Calculation results of the group contribution method.
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Fig. 10    Experimental results for DPG synthesis from PO and PG under different conditions: (a) Conversion of PO, selectivity of DPG
under different temperatures (reaction conditions: 8 h, 101.325 kPa); (b) Conversion of PO, selectivity of DPG and selectivity of TPG
under different reaction times (reaction conditions: 413.15 K, 101.325 kPa); (c) Product distribution under different temperatures

(reaction conditions: 8 h, 101.325 kPa); (d) Product distribution at different reaction times (reaction conditions: 413.15 K, 101.325 kPa)
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When  the  reaction  time  reaches  8  h,  the  selectivity  of
DPG  is  maximized  at  30.85%.  Then  the  rate  of  DPG
formation is  less  than the rate  of  DPG conversion,  causing
the increasing of TPG selectivity and the decreasing of DPG
selectivity. When the reaction time is 16 h, the selectivity of
TPG has reached 42.73%, while the selectivity of DPG has
fallen  to  22.85%.  Combined  with  the  results  of
thermodynamic calculations, when the reaction condition is
at 413.15 K and 101.325 kPa, the lnK of the 2PO+PG⇌ TPG
reaction  is  13.60  while  that  of  the  PO+PG⇌ DPG  is
4.38−7.93. This indicates that when the reaction eventually
reaches  equilibrium,  the  selectivity  of  TPG  will  be
significantly  higher  than  that  of  DPG.  The  above  results
show  that  the  thermodynamic  calculation  results  have  a
certain  degree  of  accuracy  and  can  serve  as  theoretical
references for subsequent research on product distribution.
As shown in Figure 10(c), from 373.15 to 393.15 K, the

product ratio is consistent to the thermodynamic stability of
the  three  isomers,  which  is  DPG1  >  DPG2  >  DPG3.
Moreover,  the  difference  between  the  ratio  of  DPG1  and
DPG2  decreases  with  the  increase  of  temperature.  This  is
due  to  the  low  reaction  temperature  resulting  in  a  low
reaction  rate,  and  the  lnK  is  higher  according  to  the
thermodynamic  calculation.  So,  the  reaction  is  mainly
affected  by  thermodynamics,  DPG1  is  in  high  proportion.
However,  with  the  increase  of  temperature,  the  lnK
decreases,  the  reaction  rate  accelerates  which  will  lead  to
the  reduced amount  of  DPG1 and the  increased proportion
of  DPG2  in  the  product.  When  the  temperature  reaches
403.15 K, the product distribution is influenced by kinetics,
with  the  order  of  DPG2 >  DPG1 >  DPG3.  The  higher  the
temperature, the larger the proportion of DPG2 is. Since the
unreacted PO will further react with DPG to produce TPG,
it  is  difficult  to  find  a  equilibrium  state  of  the  target
reaction.  So,  we  predict  the  final  state  by  studying  the
changes  of  DPG  isomers  in  the  reaction  process.  The
product  distribution  at  413.15  K  for  different  reaction
durations  are  also  compared  (Figure  10(d)).  The  formation
rates  of  the  three  isomers  are  DPG2  >  DPG1  >  DPG3,  so
the  content  of  DPG2  is  the  highest,  and  the  content  of
DPG3  is  the  lowest.  As  the  reaction  progresses,  DPG will
further  react  with  PO  to  form  TPG.  The  thermodynamic
calculation results show that the thermodynamic stability of
the  three  isomers  is  different.  Thus,  DPG2  and  DPG3  are
easier  to  react  with  PO.  So,  with  the  extension  of  the
reaction  time,  it  can  be  clearly  seen  that  the  content  of
DPG2  in  the  isomers  is  decreasing,  and  the  proportion  of
DPG1  is  increasing,  which  is  also  consistent  with  the
thermodynamic calculation results. In summary, the yield of
DPG can be improved by optimizing the reaction time and
the PG/PO ratio. For the regulation of product distribution,
thermodynamic  factors  and  kinetic  factors  need  to  be
considered at the same time. Low temperature is beneficial
to  generate  DPG1  while  high  temperature  is  conducive  to
the  formation  of  DPG2.  The  formation  rate  of  different
isomers  can  also  be  controlled  by  using  different  catalysts
by tuning the activation path of the reactants.

 5    Conclusion

∆rG
∆rH

∆rG ∆rH
lnK

∆fGθ ∆f Hθ

The  thermodynamic  parameters  of  PO,  PG,  TPG  and
different  isomers  of  the  product  DPG are  calculated  at  the
B3lyp/6-311+G(d,p) basis set level. By calculating the 
and    of  each  reaction  under  different  conditions,  it  is
concluded  that  only  reactions  (1)  and  (2)  are  spontaneous,
while the reactions (3) and (4) are thermodynamically non-
spontaneous  when  PO∶PG  =  1,  the  reaction  temperature
ranges  from  298.15  to  413.15  K,  and  the  pressure  ranges
from 101.325 to 506.625 kPa. By comparing the  , 
and    of  the  reactions  (1)  and  (2)  under  different
conditions, the optimal reaction temperature and pressure is
determined to be 413.15 K and 101.325 kPa. By designing
the isodesmic reaction, the   and   of three isomers
are  calculated,  and  the  thermodynamic  stability  under
standard  conditions  is  obtained  as  following:  DPG1  >
DPG2  >  DPG3.  The  experimental  results  show  that  the
results  of  theoretical  calculation are relatively accurate.  By
combining  the  results  of  thermodynamic  calculations  with
experimental  verification,  a  certain  reference  direction  is
proposed  to  enhance  the  yield  of  DPG  and  regulate  the
distribution of products.
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环氧丙烷和 1,2-丙二醇合成二丙二醇的产物分布的

热力学研究及实验验证

郭　娜1,2 ，杨金海1 ，赵　宁1,* ，王　强1,* ，肖福魁1,*
（1.  中国科学院山西煤炭化学研究所 煤炭高效低碳利用全国重点实验室, 山西 太原 030001；2.  中国科学院大学, 北京 100049）

∆rG ∆rH

∆f Hθ ∆fGθ

PO+PG⇌ DPG

PO+DPG⇌ TPG PG+PG⇌ DPG+H2O PG+DPG⇌ TPG+H2O

摘　要：环氧丙烷 (PO)是一种重要的石油化工原料，可用于生产丙二醇 (PG)、聚醚多元醇和二丙二醇 (DPG)等下游产

品。其中，二丙二醇可用作香精香料、化妆品、食品添加剂和洗涤剂等的常用溶剂，还可作为化妆品的保湿剂，应用前景

较广。而 PO和 1,2-丙二醇 (PG)合成 DPG产物中异构体的分布对于产品的品质有很大的影响。因此，对 PO和 PG合成

DPG的反应进行热力学研究能够对实际操作和产物分布调控提供理论依据。本研究计算了 PO、1,2-PG、水、二缩三丙二

醇 (TPG)以及 DPG的三种同分异构体的热力学参数。计算了在不同反应条件下生成不同 DPG异构体反应的  ， 和

lnK。通过设计等键反应，并结合热力学计算结果得出 DPG的三种同分异构体的 和 ，相对误差小于 7%。结果表

明，对于 PO与 PG制备 DPG反应，当 PO∶PG=1，反应温度在 298.15−413.15 K，压力在 101.325−506.625 kPa下， 
和 两个反应在热力学上是可以自发进行的， 和 两个反应在热

力学上是不可能自发进行的；最优反应温度和压力为  413.15 K和  101.325 kPa；在标况下，三种异构体的热力学稳定性为

DPG1>DPG2>DPG3。通过设计实验验证了计算结果的准确性，并在此基础上，分析了影响产物分布的因素。

关键词：二丙二醇；环氧丙烷；1,2-丙二醇；热力学
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