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ABSTRACT: Using tolylene-2,4-diisocyanate as standard
compound, the relationship between ANCO absorbance
and concentration was studied with in situ FTIR. The lin-
ear relationship appeared correct only for concentrations
lower than 0.4 mol L�1. Then, the urethane reaction
kinetics of phenol with tolylene-2,4-diisocyanate were
investigated in different solvents, such as dimethyl sul-
foxide, cyclohexanone, n-butyl acetate, 1,4-dioxane, and
xylene. It showed that solvents largely affected reaction
rates. The reaction was largely accelerated in polar sol-
vents, following the order of dimethyl sulfoxide > cyclo-
hexanone > n-butyl acetate > 1,4-dioxane > xylene. It was

in contrast to the alcohol–diisocyanate reaction. Finally, an
appropriate reaction mechanism was proposed. The HAO
bond in phenol was polarized under the influence of sol-
vents, which made the combination of hydrogen to nitro-
gen and alkoxyl group to carbenium easier. After that the
solvent was dissociated and the carbamate generated. The
kinetic equation could be derived as v ¼ k0K�[S:]
[ROH]�[R0NCO]. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 123: 580–584, 2012
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INTRODUCTION

Polyurethanes (PUs) are a very large and varied fam-
ily of extraordinarily versatile and useful engineering
materials.1 The reaction between isocyanate (ANCO)
and alcohol (AOH) is the basis of PU, so its kinetics
have been largely investigated at all times.2–6 There
are several factors affecting the urethane reaction
rate, such as the property7 and concentration8 of
each reactant, the catalyst,9,10 and the reaction tem-
perature.11,12 As far as the effect of solvent was con-
cerned, it was reported that13–15 the polarity of sol-
vents greatly affected the reaction of alcohols with
isocyanates, and the reaction rate fell down with the
increase of solvent polarity in the absence of catalyst.
Raspoet16 and Draye17 considered that alcohol com-
plexes could accelerate the reaction. Chen13 further
explained that the ‘‘polymeric alcohols’’ reacted with
isocyanates faster than common alcohol due to
polarization of the OAH bond in the alcohol; polar
solvent was capable of forming hydrogen bonding
with the alcohol, which led to a large reduction of

polymeric alcohols and therefore reduced the reac-
tion rate.
However, as for the phenol-isocyanate reaction,

namely, the blocking reaction of isocyanate, little
attention was focused on the effects of solvent polar-
ity.18 Kothandaraman et al.19 investigated the carba-
mate reaction of phenol with phenyl isocyanate
in 1,4-dioxane, benzene, toluene, acetonitrile, and
dimethyl formamide. They only studied the reaction
with dibutyltin dilaurate as catalyst and found that
reaction rate seemed of little relevance to solvent
polarity. Yet, Subrayan et al.20 considered that cata-
lyst impacted the reaction mechanism, which could
lead to the difference between catalytic and noncata-
lytic reactions.
In situ FTIR is a powerful tool for the kinetic

investigation of homogeneous reactions.21–23 The
particular advantage of in situ FTIR for monitoring
PU or polyurea reactions derives from the obvious
disappearance of AN¼¼C¼¼O absorption and the
visible formation of AC¼¼O absorption. The intensity
of that absorbance allows quantitative measurement
even at low conversion.24 In this study, the reaction
of phenol with tolylene-2,4-diisocyanate carries on
without catalyst. In situ FTIR is used to monitor the
reaction in different polar solvents, such as dimethyl
sulfoxide, cyclohexanone, n-butyl acetate, 1,4-diox-
ane, and xylene. From that the reaction kinetics is
studied, and a possible mechanism is proposed.
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EXPERIMENTAL

Materials and instruments

Tolylene-2,4-diisocyanate was purchased from Sigma
Aldrich (Saint Louis, MO) and used as received.
Phenol was purchased from Sinopharm Chemical
Reagent (Shanghai, China) and purified by vacuum
distillation in the presence of Al powder. Dimethyl
sulfoxide, cyclohexanone, n-butyl acetate, 1,4-diox-
ane, and xylene were purchased from Sinopharm
Chemical Reagent and purified by vacuum distilla-
tion in the presence of CaH2. The purities of all the
reagents were of analytical grade (A.R.).

The IR spectrometer, React IR IC10, was manufac-
tured by Mettler Toledo (Columbia, MD). Air-purifica-
tion system, XYA-5000G, was manufactured by Shang-
hai XiYou Analytical Instrument (Shanghai, China).

Calibration for concentration from absorbance

A series of solutions with different ANCO concen-
tration in dimethyl sulfoxide, cyclohexanone, n-butyl
acetate, 1,4-dioxane, and xylene were prepared. FTIR
was used to measure their absorbance. Thus, the
relationship between absorbance and concentration
was obtained in highly concentrated solutions.

Kinetic studies

Clean and dry air was flowed into the instrument
continuously until the absorbance of all impurities
was constant. Thus, the background spectra were
recorded to eliminate interference by air.

After that phenol (0.265 g) and solvent (7 mL)
were poured into the flask and heated to the preset
temperature under a nitrogen atmosphere. Then, the
stoichiometric amount of tolylene-2,4-diisocyanate
(0.2 mL) was added to begin the reaction.

Data were continuously collected until reaction
was terminated. The resolution was 8 cm�1, and the
scan region was 4000–650 cm�1. Sampling intervals
were as follows: dimethyl sulfoxide, every 10 s;
cyclohexanone, every 2 min; n-butyl acetate, every 3
min; 1,4-dioxane, every 5 min; xylene, every 10 min.

RESULTS AND DISCUSSION

Absorbance–concentration relationship

It is well known that Beer–Lambert law only holds
true at low concentration. When highly concentrated
solutions are treated, it is necessary to examine the
relationship between absorbance (A) and concentration

Figure 1 Calibration for ANCO absorbance (2273 cm�1)
from concentration in different solvents. The linear range
varies in different solutions and 0� 0.4 mol L�1 is proper
for kinetic studies.

Figure 2 3D in situ FTIR spectra for the phenol–tolylene-
2,4-diisocyanate reaction (cyclohexanone, 70�C). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 3 1/A versus t curve for the phenol–tolylene-2,4-
diisocyanate reaction in cyclohexanone at 70�C. There are
two isocyanate groups in tolylene-2,4-diisocyanate, so the
reaction is divided into two stages. A reasonable linear fit
of the reaction is achieved with the proposed model.
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(C). In our former article,6 linear relationship appeared
correct only for concentration lower than 0.67 mol L�1

in 1,4-dioxane. However, after carefully examining the
relationship between ANCO absorbance (2273 cm�1)
and concentration in other four solvents (Fig. 1), we
find that the linear range varies in different solutions
and 0� 0.4 mol L�1 for kinetic studies is better.

Kinetics for the phenol–tolylene-2,4-diisocyanate
reaction

Kinetic studies are based on the reduction of isocya-
nate. One of the 3D in situ FTIR spectra is shown in
Figure 2 (cyclohexanone, 70�C).

To obtain the kinetic constants, it is assumed that
there is no side reaction. When the stoichiometric
ratio is used, the total isocyanate concentration can
be given by the general nth-order expression as a

relationship of time dependence.6 Assuming it is a
second-order process,25 we can use the nth-order
approach to model the reaction kinetics as follows:

1

A
¼ k � tþ 1

A0
(1)

A0 is the initial absorbance of isocyanate groups; k
is the apparent reaction rate constant (hereinafter as
‘‘reaction rate constant’’). Thus, 1/A versus t curve
can be plotted as Figure 3. A reasonable linear fit of
the reaction is achieved with the proposed model if
the reaction is divided into two phases, and both
phases fit well.
There are two isocyanate groups in tolylene-2,4-

diisocyanate. The isocyanate group in para-position
of ACH3 reacts much faster than that in ortho-
position of ACH3. When reacting with phenol, the

Figure 4 1/A versus t curve for the reaction in various solvents at different temperatures. The initial reaction stage is
used to work out the rate constants. ET(30) value are also laid out.
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para-NCO reacts first, and then follows with the ortho-
NCO.26 Thus, the reaction is divided into two stages,
so that 1/A versus t curve behaves as a fold line.

To conveniently investigate the effect of solvent
polarity on the reaction rate, only the initial reaction
stage is used to work out the rate constants. That is,
the reaction of phenol with the para-NCO is picked
up. The experimental points for the relationship
between 1/A and t in various solvents at different
temperatures are shown in Figure 4.

Dimroth–Reichardt parameter, ET(30), is an official
measure of the ionizing power (loosely polarity) of a
solvent.27 It is based on the long-wavelength UV/vis
charge-transfer absorption band of the negatively
solvatochromic pyridinium N-phenolate betaine
dyes.28 The value ET(30) for elected solvents is taken
from reference28 and shown in Figure 4. It is obvious
that the reaction rate varied greatly in different polar
solvents. The order is as follows: dimethyl sulfoxide
> cyclohexanone > n-butyl acetate > 1,4-dioxane >
xylene. The carbamate reaction rate appears very
fast in highly polar solvent (DMSO), which has been
reported by Dabi et al.29–31 They suggested that iso-
cyanate could form a complex with DMSO, which
made the reaction carried on easier. Czaja et al.32–33

also agreed with that opinion. However, the reaction
of phenol with tolylene-2,4-diisocyanate accelerates
in common polar solvents. It is quite opposite to the
reaction of alcohol with isocyanate proposed by
Ephraim34 and Oberth.35

Mechanism of urethane reaction for phenol

When reacting with isocyanate, phenols and alcohols
appear very different in reaction rate. It derives
from the molecular structure of phenols and alco-
hols. Phenol is a kind of weak acid (pKa ¼ 9.89); its
O¼¼H bond maybe partly ionizes in polar sol-
vent,36,37 which is also confirmed by the parameter
ET(30). First, the solvation of phenol generates loose
ion-pair and the homeostasis comes into being
rapidly.38 Second, the loose ion-pair attacks the
nitrogen atom in ANCO easily,39 follows by the
combination between alkoxyl group and carbon
atom in ANCO. Thus, the nucleophilic reaction
happens more easily. Finally, solvent combines car-
bamate dissociates, releases solvent, and generates
carbamate40 (Scheme 1).

The second step is the bottleneck of the reaction.41

According to the hypothesis of equilibrium state,
kinetic equation of the phenol–isocyanate reaction
can be calculated as this.

t ¼ k0K � ½S :� � ½ROH� � ½R0NCO� (2)

where k0 is the reaction rate constant, and K is the
reaction equilibrium constant in Scheme 1.

The stronger the polarity of solvent is, the larger
the value of K is. The larger the value of K is, the
faster the reaction carries on.
When the reaction carries on in dilute solution,

[S:] is a constant because the solvent is largely excess
contrast to reactant. Thus, the reaction rate is only
dependent on the concentration of hydroxyl and iso-
cyanate. It follows second-order kinetics (eq. 2),
which agrees with the experimental data.

CONCLUSIONS

In situ FTIR is used to monitor the reaction of phe-
nol with tolylene-2,4-diisocyanate, and the reaction
rate constants in various solvents at different tem-
peratures are calculated out. It shows that the reac-
tion follows second order. Furthermore, solvent
polarity largely affects reaction rate. The reaction
accelerates in polar solvents. The order is as follows:
dimethyl sulfoxide > cyclohexanone > n-butyl ace-
tate > 1,4-dioxane > xylene. It is quite opposite to
the reaction law of alcohol with isocyanate.
A likely mechanism of the reaction of phenol with

tolylene-2,4-diisocyanate is proposed. First, the sol-
vation of phenol generates loose ion-pair and the ho-
meostasis comes into being rapidly. Second, the
loose ion-pair attacks the nitrogen atom in ANCO
easily, follows by the combination between alkoxyl
group and carbon atom in ANCO. Finally, solvent
combines carbamate dissociates, releases solvent,
and generates carbamate. The kinetic equation is as
follows: t ¼ k0K � ½S :� � ½ROH� � ½R0NCO�. The stronger
the polarity of solvent is, the larger the value of K is,
the faster the reaction carries on.

References

1. Król, P. Prog Mater Sci 2007, 52, 915.
2. Brock, F. H. J Org Chem 1959, 24, 1802.
3. Willeboordse, F. J Phys Chem 1970, 74, 601.
4. Michael, J. E.;Anthony, J. R. Polymer 1996, 37, 1353.
5. Burel, F.;Feldman, A.;Bunel, C. Polymer 2005, 46, 15.
6. Yang, P. F.;Li, T. D.;Li, J. Y.; Zhu, X. W.; Xia, Y. M. Prog React

Kinet Mech 2010, 35, 93.

Scheme 1 Mechanism of the reaction between phenol
and isocyanate. It is divided into three steps and the sec-
ond step is the bottleneck of the reaction.

Journal of Applied Polymer Science DOI 10.1002/app

EFFECTS OF SOLVENT POLARITY 583



7. Eceiza, A.; Kortaberria, G.; Gabilondo, N.; Gabilondo, N.; Mar-
ieta, C.; Corcuera, M. A.; Mondragon, I. Eur Polym J 2005, 41,
3051.

8. Boufi, S.;Belgacem, M. N.;Quillerou, J.; Gandini, A. Macromo-
lecules 1993, 26, 6706.

9. Draye, A. C.;Tondeur, J. J. J Mol Catal A 1999, 138, 135.
10. Hikita, T.;Mochizuki, A.;Takeuchi, K.; Asai, M.; Ueda, M. Mac-

romolecules 2002, 35, 6202.
11. Draye, A. C.;Tondeur, J. J. React Kinet Catal Lett 1999, 66, 319.
12. Zeng, M.;Zhang, L. J Appl Polym Sci 2006, 100, 708.
13. Ivanov, M. G.;Golov, V. G.;Vodopyanov, V. G.; Dergunov, Yu.

I. Kinet Catal 1986, 27, 580.
14. Chang, M. C.;Chen, S. A. J Polym Sci Part A: Polym Chem

1987, 25, 2543.
15. Nasar, A. S.;Raghavan, A.;Kumar, V. S. J Macromol Sci A

2005, 42, 309.
16. Raspoet, G.;Nguyen, M. H. J Org Chem 1998, 63, 6878.
17. Draye, A. C.;Tarasov, D. N.;Tondeur, J. J. React Kinet Catal

Lett 1999, 66, 199.
18. Boutevin, B.;Chaib, M.;Robin, J. Polym Bull 1992, 29, 613.
19. Kothandaraman, H.;Nasar, A. S. J Indian Chem Soc 1992, 69, 281.
20. Subrayan, R. P.;Zhang, S.;Jones, F. N.; Swarup, V.; Yezrielev,

A. I. J App Polym Sci 2000, 77, 2212.
21. Xu, L.;Li, C.;Simon Ng, K. Y. J Phys Chem A 2000, 104, 3952.
22. Yilgor, I.;Yilgor, E.;Guler, I. G.; Ward, T. C.; Wilkes, W. G.

Polymer 2006, 47, 4105.
23. Friebe, A.;Siesler, H. W. Vib Spectrosc 2007, 43, 217.
24. Yilgor, I.;mather, B. D.;Unal, S.; Yilgor, E.; Long, T. E. Polymer

2004, 45, 5829.

25. Ajithkumar, S.;Kansara, S. S.;Patel, N. K. Eur Polym J 1998, 34,
1273.

26. Yang, P. F.;Li, T. D. Chem React Eng Technol 2008, 24,
472.

27. Reichardt, C.Solvents and Solvent Effects in Organic Chemis-
try, 3rd, Updated and Enlarged ed.; Wiley-VCH: Marburg,
Germany, 2003, p 416.

28. Reichardt, C. Chem Rev 1994, 94, 2319.
29. Dabi, S.;Zilkha, A. Eur Polym J 1980, 16, 103.
30. Dabi, S.;Zilkha, A. Eur Polym J 1980, 16, 471.
31. Dabi, S.;Zilkha, A. Eur Polym J 1980, 16, 475.
32. Czaja, M.;Kozak, A.;Makowski, M.; Chmurzynski, L. J Chem

Thermodyn 2003, 35, 1645.
33. Czaja, M.;Baginska, K.;Kozak, A.; Makowski, M.; Chmurzyn-

ski, L. J Chem Thermodyn 2005, 37, 778.
34. Ephraim, S.;Woodward, A. E.;Mesrobian, R. B. J Am Chem

Soc 1958, 80, 1326.
35. Oberth, A. E.;Bruenner, R. S. Ind Eng Chem Fund 1969, 8, 383.
36. Gerrard, D. L.;Maddams, W. F. Spectrochim Acta A 1978, 34,

1219.
37. Haines, S. R.;Geppert, W. D.;Chapman, D. M.; Watkins, M. J.;

Dessent, C. E. H.; Cockett, M. C. R.; Muller-Dethlefs, K. J
Chem Phys 1998, 109, 9244.

38. Kozak, A.;Czaja, M.;Makowski, M.; Jacewicz, D.; Dabrowska,
A.; Chmurzynski, L. J Chem Thermodyn 2003, 35, 77.

39. Coseri, S. High Perform Polymer 2007, 19, 520.
40. Eceiza, A.;Zabala, J.;Egiburu, J. L.; Corcuera, M. A.; Mondra-

gon, I.; Pascault, J. P. Eur Polym J 1999, 35, 1949.
41. Cukier, R. I. J Phys Chem A 1999, 103, 5989.

Journal of Applied Polymer Science DOI 10.1002/app

584 YANG ET AL.


