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tions of 4,40-diphenylmethane-
diisocyanate with polymer polyols as revealed by
matrix-assisted laser desorption/ionization mass
spectrometry†

Tibor Nagy,a Borbála Antal,a Anita Dékány-Adamoczky,a József Karger-Kocsis,b

Miklós Zsugaa and Sándor Kéki*a

The uncatalyzed reactions of polyols including polypropylene glycol (PPG, Mn ¼ 2000 g mol�1),

polytetrahydrofuran (PTHF, Mn ¼ 1000 g mol�1), poly(3-caprolactone)-diol (PCLD, Mn ¼ 2000 g mol�1)

and polypropylene glycol glycerol triether (PPG_GL, Mn ¼ 1000 g mol�1) with 4,40-diphenylmethane-

diisocyanate (MDI) were studied using matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF MS). The reactions between these polyols and MDI were monitored in time

and first-order consecutive reaction kinetics for the formations of polyols end-capped with MDI units

were established. The fractional MALDI-TOF MS intensities obtained for the different polymer series at

various reaction times were converted into molar fractions versus time data by means of the estimated

relative MALDI-TOF MS response factors from which the corresponding rate constants and the relative

reactivities of the hydroxyl groups of polyols were determined. It was found that the pseudo first-order

rate constants for the polyol-MDI reaction decreased in the order of PCLD > PTHF > PPG z PPG_GL. It

was also ascertained that the reactivity of the unreacted hydroxyl groups of the diols does not change

significantly after the first one has reacted. On the contrary, in the case of PPG_GL it was found that the

reactions of the hydroxyl groups with MDI proceed faster after any of the three hydroxyl groups has

reacted, suggesting a positive substitution effect for this system.
Introduction

Polyurethanes (PUs) are one of the most versatile classes of
industrial polymers whose applications cover various important
areas ranging from coatings through elastomers to different
types of biomaterials.1–3 PUs have recently received considerable
attention as shape-memory materials.4–6 The production routes
to PUs are based on the addition reactions of isocyanates with
functionalities of two or higher with different types of polyols.
Proper selection of the isocyanate and the polyol components
allows one to tailor the properties of the resulting PUs for
various applications. Evidently, the reactions of the isocyanate
group with the hydroxyl groups of polyols play an essential role
in the synthesis of PUs. Thus, due to the practical importance of
PUs, the catalyzed and uncatalyzed reactions of different
isocyanates with alcohols under various experimental condi-
tions have been extensively studied from the early ages of the
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polyurethane industry.7–10 The kinetic studies on this topic have
primarily focused on the reactions of mono- and industrially
important diisocyanates with monofunctional alcohols to
obtain the reaction order for both the isocyanate and alcohol
components and to establish the reaction mechanism.11–20 The
kinetics of the reaction between diisocyanates and polyols and
polymer polyols with functionalities of two or higher are also
well-documented.21–37 In most of these investigations the reac-
tion was monitored using, e.g., titration method,21,22 FT-IR
spectroscopy,23–30 rheological measurements29,31 and size-
exclusion chromatography (SEC).32 Moreover, when a diol has
been reacted with isocyanate the reaction mixture at an inter-
mediate reaction time will surely contain the unreacted diols,
the diols with one reacted and diols with two reacted OH
groups. Titration and spectroscopic methods such as FT-IR and
UV spectroscopy are, in most cases, capable of determining only
the fraction of the number of reacted isocyanate and/or OH
groups. Thus, the above mentioned methods may not provide
information on the distribution of the various species present
in the reaction mixture. In addition, as the molecular weight of
the polyol component is increased the concentration of the
“spectroscopically active” groups is thereby reduced making
both the qualitative and quantitative interpretations very
RSC Adv., 2016, 6, 47023–47032 | 47023
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difficult. On the contrary, due to the well-resolved peaks, mass
spectrometric methods, and especially those based on so-
ionization such as matrix-assisted laser desorption/ionization
mass spectrometry (MALDI MS)38 and electrospray ionization
(ESI-MS),39 are capable of detecting various species (including
those which have high molecular weights) present in the reac-
tion mixture.

In this article, we report a detailed MALDI-TOF MS investi-
gations on the reactions of 4,40-diphenylmethane-diisocyanate
(MDI) with polymer polyols including polypropylene glycol
(PPG), polytetrahydrofuran (PTHF), polycaprolactone diol
(PCLD) and a triol polypropylene glycol glycerol triether
(PPG_GL, Rokopol G1000). The goals of this study were to gain
information on the distributions of the intermediates and
products formed during the reaction and to determine the
reactivities of the hydroxyl groups of polymeric polyols. To the
best of our knowledge such kind of investigation has not been
reported yet.

Experimental
Chemicals

4,40-Diphenylmethane-diisocyanate (MDI), polycaprolactone-
diol (PCLD, Mn ¼ 2000 g mol�1), toluene and tetrahydrofuran
were received from Sigma-Aldrich (Tauirchen, Germany).
Polypropylene glycol (PPG, Mn ¼ 2000 g mol�1) and poly-
propylene glycol glycerol triether (PPG_GL, Mn ¼ 1000 g mol�1,
Rokopol G1000) were obtained from BorsodChem (Kazincbar-
cika, Hungary) and PCC Rokita SA (Brzeg Dolny, Poland),
respectively. Methanol and tetrahydrofurane were purchased
from VWR International (Leuven, Belgium), respectively, and
were used without further purication. Toluene was puried
and dried according to the well-know procedure.40 Polymer
polyols were dried at 50 �C in a vacuum oven for 48 hours.

General procedure for performing the reactions of
diisocyanates with alcohols

Into a ask of 5 mL, dry toluene (3 mL) and calculated amount
of MDI were introduced under nitrogen atmosphere. The ask
was thermostated at 80 �C. The reactions were started by addi-
tion of the calculated amount of the corresponding polymer
polyols (PCLD or PPG or PTHF or PPG_GL) dissolved in toluene
of 1 mL. The reaction mixture was further diluted with toluene
to obtain a reaction volume of 5 mL. The initial concentrations
of MDI and the polymer polyols were 0.32 M and 0.01 M,
respectively. For the MALDI-TOF MS investigations, aer pre-
determined time intervals, samples of 100 mL were taken out
from the reaction mixture and added to a mixture of methanol/
tetrahydrofuran (2 : 1 v/v) to quench the unreacted isocyanate
groups.

Determination of the primary and secondary hydroxyl group
content of PPG based samples

The primary and secondary group contents of PPG and PPG_GL
samples were determined similarly to the method published in
the literature.41,42 Samples of 50–100 mg were dissolved in
47024 | RSC Adv., 2016, 6, 47023–47032
CDCl3 of 500 mL to which triuoroacetic anhydride in a 10-fold
molar excess was added. Aer 3 hours reaction time the solu-
tions were analyzed by 1H-NMR. The primary and the secondary
group contents were calculated using the integrals of proton
signals at 4.2 ppm, characteristics of –CH(CH3)–CH2–OCOCF3
and, at 5.2 ppm originating from –CH2–CH(CH3)OCOCF3.
Matrix-assisted laser desorption/ionization time-of-ight
mass spectrometry (MALDI-TOF MS)

The MALDI-TOF MS measurements were performed with
a Bruker BIFLEX III™mass spectrometer equipped with a time-
of-ight (TOF) mass analyzer. In all cases 19 kV acceleration
voltage was used with pulsed ion extraction (PIE™). The posi-
tive ions were detected in the reectron mode (20 kV). A
nitrogen laser (337 nm, 3 ns pulse width, 106 to 107 W cm�2)
operating at 4 Hz was used to produce laser desorption and 300
shots were summed. The MALDI-TOF MS spectra were exter-
nally calibrated with poly(ethylene glycol)s (Mn ¼ 1450 g mol�1

and Mn ¼ 4000 g mol�1).
Samples for MALDI-TOF MS were prepared with 2,5-dihy-

droxy benzoic acid (DHB) matrix dissolved in tetrahydrofuran at
a concentration of 20 mg mL�1. Analyte samples were obtained
by mixing 100 mL reaction mixture with methanol (400 mL) and
tetrahydrofuran (200 mL) and sodium triuoroacetate dissolved
in tetrahydrofuran at a concentration of 5 mg mL�1 (used as the
cationization agent to promote ionization). The solutions were
mixed in a 10 : 2 : 1 (v/v) ratio (matrix/analyte/cationization
agent). A volume of 0.5 mL of the solution was deposited onto
a metal sample plate and allowed to air-dry.
Electrospray quadrupole time-of-ight mass spectrometry
(ESI-QTOF MS)

The MS and MS/MS measurements were performed with
a MicroTOF-Q type Qq-TOF MS instrument (Bruker Daltonik,
Bremen, Germany) using an ESI source with positive ion mode.
The sample solutions were introduced directly into the ESI
source with a syringe pump (Cole-Parmer Ins. Co., Vernon Hills,
IL, USA) at a ow rate of 3 mLmin�1. The spray voltage was set to
4 kV. The temperature of the drying gas (N2) was kept at 180 �C.
For the tandem MS measurements nitrogen was used as the
collision gas and collision energies of 142 eV and 178 eV were
applied (in the laboratory frame). The precursor ions for MS/MS
were selected with an isolation width of 4m/z units. The MS and
MS/MS spectra were accumulated and recorded by means of
a digitizer at a sampling rate of 2 GHz. The mass spectra were
calibrated externally using the exact masses of the clusters
generated from the electrosprayed solution of sodium tri-
uoroacetate (NaTFA). The recorded mass spectra were evalu-
ated with the DataAnalysis 3.4 soware from Bruker. Samples
for the ESI-MS and ESI-MS/MS measurements were prepared
using 10 mL of methanol-quenched reaction mixtures obtained
at different reaction times and diluted with methanol to 1000
mL.
This journal is © The Royal Society of Chemistry 2016
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Nuclear magnetic resonance spectroscopy (NMR)
1H-NMR spectra were recorded in CDCl3 at 25 �C on a Bruker
AM 360 spectrometer at 360 MHz with tetramethylsilane as the
internal standard.
Evaluation of the kinetic measurements

The reaction steps of MDI with diols including PPG, PTHF and
PCLD together with the products obtained aer quenching the
reaction mixture with methanol are depicted in Scheme 1.

The MALDI-TOF MS intensities belonging to the corre-
sponding oligomer series obtained on the quenched reaction
mixture were summed and these intensities were used to
calculate the fractional intensities (FAn

, FBn
and FCn

) for series An,
Bn and Cn as given by eqn (1)–(3).

FAn
¼ IAn

IAn
þ IBn

þ ICn

(1)

FBn
¼ IBn

IAn
þ IBn

þ ICn

(2)

FCn
¼ 1 � FAn

� FBn
(3)

where IA, IB and IC are the summed MALDI-TOF MS intensities
for the oligomer series An, Bn and Cn, respectively (cf. Scheme
1b).

Assuming linear relationship between the MALDI-TOF MS
intensities and the concentrations of the corresponding olig-
omer series eqn (4)–(6) become as:

IAn
¼ fA[An] (4)
Scheme 1 The reactions of polymer diols (PPG, PTHF and PCLD) with MD
methanol (b).

This journal is © The Royal Society of Chemistry 2016
IBn
¼ fB[Bn] (5)

ICn
¼ fC[Cn] (6)

where fA, fB and fC are the MALDI-TOF MS response factors for
series An, Bn and Cn, respectively.

Using eqn (4)–(6), the molar fractions, i.e., XAn
, XBn

and XCn
for

series An, Bn and Cn can be given by eqn (7)–(9) as:

XAn
¼ IAn

IAn
þ ð fA=fBÞIBn

þ ð fA=fCÞICn

(7)

XBn
¼ ð fA=fBÞIBn

IAn
þ ð fA=fBÞIBn

þ ð fA=fCÞICn

(8)

XCn
¼ 1 � XAn

� XBn
(9)

According to the reactions presented in Scheme 1: (i)
assuming pseudo-rst order rate dependence for the diols, and
(ii) taking into account that each of the isocyanate groups and
hydroxyl groups have the same reactivity due to symmetrical
nature of the MDI and diols, the variation of the corresponding
fraction of the oligomer series with time can be described by
eqn (10)–(12)

XAn
(t) ¼ e�4k1t (10)

XBn
ðtÞ ¼ 4k1

2k2 � 4k1

�
e�4k1t � e�2k2t

�
(11)

XCn
(t) ¼ 1 � XAn

(t) � XBn
(t) (12)

where k1 and k2 are the pseudo rst-order rate constants.
I (a) and the products obtained after quenching the reactionmixture by

RSC Adv., 2016, 6, 47023–47032 | 47025
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The reaction steps of MDI with a triol, i.e., polypropylene
glycol glycerol triether (PPG_GL, Rokopol G1000) and the
products obtained aer quenching the reaction mixture with
methanol are shown in Scheme 2.

Similarly to the MDI-polymer diols system, the MALDI-TOF
MS intensities belonging to the corresponding oligomer series
obtained on the quenched reaction mixture were summed to
calculate the fractional intensities for series An, Bn, Cn and Dn.
Assuming linear relationships between the MALDI-TOF MS
intensities and the concentrations of corresponding oligomer
series, the molar fractions, i.e., XAn

, XBn
, XCn

and XDn
for series An,

Bn, Cn and Dn (cf. Scheme 2b), respectively, can be given as:

XAn
¼ IAn

IAn
þ ð fA=fBÞIBn

þ ð fA=fCÞICn
þ ð fA=fDÞIDn

(13)

XBn
¼ ð fA=fBÞIBn

IAn
þ ð fA=fBÞIBn

þ ð fA=fCÞICn
þ ð fA=fDÞIDn

(14)

XCn
¼ ð fA=fCÞICn

IAn
þ ð fA=fBÞIBn

þ ð fA=fCÞICn
þ ð fA=fDÞIDn

(15)

XDn
¼ 1� XAn

� XBn
� XCn

(16)

where fA, fB, fC and fD are the MALDI-TOF MS response factors
for series An, Bn Cn, and Dn, respectively.

Assuming pseudo-rst order rate dependence for the poly-
mer triol and equal reactivities for each of the isocyanate and
hydroxyl groups, the change of the corresponding fraction of
the oligomer series in time are given by eqn (17)–(20).

XAn
(t) ¼ e�6k1t (17)

XBn
ðtÞ ¼ 6k1

4k2 � 6k1

�
e�6k1t � e�4k2t

�
(18)
Scheme 2 The reaction of polypropylene glycol glycerol triether (PPG_G
mixture by methanol (b).

47026 | RSC Adv., 2016, 6, 47023–47032
XCn
ðtÞ ¼ 24k1k2

ð6k1 � 4k2Þð6k1 � 2k3Þ
�
e�6k1t � e�2k3t

�

þ 24k1k2

ð6k1 � 4k2Þð4k2 � 2k3Þ
�
e�2k3t � e�4k2t

�
(19)

XDn
(t) ¼ 1 � XAn

(t) � XBn
(t) � XCn

(t) (20)

where k1, k2 and k3 are the pseudo rst-order rate constants.
For tting of the parameters of eqn (10)–(12) and (17)–(20) to the

experimental kinetic data and thus to determine the corresponding
rate constants a home-made parameter estimation soware based
the Gauss–Newton–Marquardt procedure was applied.43

Estimation of the relative MALDI-TOF MS response factors

Since no internal standards for the oligomer series are available
either for the MDI-polymer-diol or for the MDI-polymer-triol
reactions we have developed a method to estimate the relative
MALDI-TOF MS response factors of the oligomer series with
respect to series An. At different reaction times, i.e., at various
product distributions, samples were taken out from the reaction
mixtures and quenched with methanol similarly as described
before. To each quenched samples, polyethylene glycol (PEG, Mn

¼ 1450 gmol�1) or polypropylene glycol (Mn¼ 1000 gmol�1) were
added as internal standard (reference). The intensities of the
reference were compared to those of the different series, and the
corresponding relative response factors were estimated by means
of eqn (S1) and (S2) (ESI†) using multi regression analysis.

Results and discussion
Reaction of polymer diols with MDI

Polymer diols including polypropylene glycol (PPG,Mn ¼ 2000 g
mol�1), polytetrahydrofuran (Mn ¼ 1000 g mol�1) and
L) with MDI (a) and the products obtained after quenching the reaction

This journal is © The Royal Society of Chemistry 2016
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polycaprolactone diol (PCLD, Mn ¼ 2000 g mol�1) were reacted
with MDI in high molar excess to polymer diols in toluene at 80
�C. Aer predetermined time intervals, depending on the rates
of reactions, samples were taken out of the reaction mixture,
quenched with methanol and analyzed by MALDI-TOF MS. The
MALDI-TOF MS spectra of the methanol-quenched reaction
mixture obtained in the reaction of MDI with PPG are shown in
Fig. 1.
Fig. 1 MALDI-TOF MS spectra of the quenched reaction mixture
obtained in the reaction of PPG with MDI at 1, 240 and 1440 minutes.
Experimental conditions: [MDI]o ¼ 0.32 M, [PPG]o ¼ 0.01 M and T¼ 80
�C.

Fig. 2 ESI-MS/MS spectrum of the [PPG + 2MDI + 2CH3OH+ 2Na]2+ add
spectrum was recorded at collision energy of 178 eV.

This journal is © The Royal Society of Chemistry 2016
As seen in Fig. 1 the MALDI-TOF MS spectrum obtained at 1
min reaction time shows the presence of the starting PPG only.
Them/z values of the members of series An cationized by sodium
ions are in good agreement with those calculated for the PPG
having two hydroxyl groups. For example, the measured and the
calculated monoisotopic masses for the PPG with a number of
propylene oxide (PO) units 32 are 1898.2 and 1898.3, respec-
tively. As the reaction time is increased, series Bn begin to
appear. Them/z value for Bn, e.g. with a number of PO units 32 is
2180.5 while the calculated value for this composition is 2180.4.
Further increase in the reaction time resulted in the disappear-
ance of the starting diol and the dominant presence of series Cn

in which both hydroxyl groups have been reacted. In addition, by
comparing the MALDI-TOF MS spectra shown in Fig. 1, it can
also be concluded that the molecular weight distributions shis
stepwise by a mass of 282 Da from series An to Cn. Note that the
nominal mass of an MDI plus a methanol unit is 282 Da. PPG
with two diisocyanate end-groups have the same mass as those
having an allophanate end-group, i.e., those of which obtained
by the reaction of hydroxyl group diisocyanate followed by
addition of a second diisocyanate unit to the urethane bond
formed. Thus, in order to conrm the formation of PPG with two
diisocyanate end-groups and to rule out the formation of allo-
phanate bonds under the experimental conditions employed,
additional experiments using electrospray ionization tandem
mass spectrometry (ESI-MS/MS) were performed. For these ESI-
MS/MS experiments several adduct ions, preferentially doubly
charged sodiated adduct ions ([M + 2Na]2+) containing two MDI
units were subjected to collision induced dissociation (CID) to
obtain structural information on PPG with two diisocyanate
groups. A representative ESI-MS/MS spectrum obtained by
fragmentation of precursor ions with m/z 1213.7 is shown in
Fig. 2.
uct ion with a number of repeat units of 31 (m/z 1213.7). The ESI-MS/MS

RSC Adv., 2016, 6, 47023–47032 | 47027
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Fig. 4 MALDI-TOF MS spectrum of the quenched reaction mixture
obtained in the reaction of PCLDwithMDI at 40minutes. The numbers
in the subscript refer to the number of caprolactone units. Experi-
mental conditions: [MDI]o ¼ 0.32 M, [PCLD]o ¼ 0.01 M and T ¼ 80 �C.
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Fig. 2 suggests that the main fragmentation pathway is the
subsequent loss of two CH3OCONHC6H4CH2C6H4NHCOOH
units from the precursor ion. The fact that these two units are
eliminated is a clear indication of the presence of the diiso-
cyanate end-groups, i.e., both hydroxyl groups of PPG have been
reacted with diisocyanate.

Monitoring the MDI-polymer diols reaction in time and
determining the composition of the reaction mixtures one can
obtain information on the reactivity of the MDI towards the
hydroxyl groups of polymer diols. The relative MALDI-TOF MS
response factors were estimated experimentally using the
procedure presented in the Experimental, and fA/fB z fA/fC z 1
was found. Similar observations were found for the other
polymer diols (i.e., PTHF and PCLD) investigated. Changes in
the molar fractions for series An, Bn and Cn with the reaction
time are depicted in Fig. 3.

Variations of the molar fractions for An, Bn, and Cn in Fig. 3
reveal characteristic features of typical consecutive reactions. It
should be noted, that no additional series can be detected with
signicant intensities. Fig. 4 shows the partial MALDI-TOF MS
spectrum of the reaction products obtained in the reaction of
MDI with PCLD.

As it turns out from Fig. 4, all the reaction products of the
MDI-PCLD reaction, i.e., series An, Bn and Cn, are well-resolved.
They can clearly be distinguished from one another, which
allows us to depict the variation in the composition of the
reaction mixture in time (Fig. 5).

The run of the Xi versus time traces is similar to those obtained
in theMDI-PPG reaction. Similar kinetic curves were also obtained
for the MDI-PTHF reaction, too (shown in the ESI as Fig. S1†).

In order to support the validity of the consecutive reactions
presented in Scheme 1 and to determine the corresponding
values of k1 and k2, eqn (10)–(12) were tted to the experimental
Fig. 3 Variations of the product distributions with time in the PPG-
MDI reaction determined by MALDI-TOF MS. The solid lines represent
the fitted curves calculated by eqn (10)–(12). Experimental conditions:
see Fig. 1 caption.

47028 | RSC Adv., 2016, 6, 47023–47032
molar fraction versus reaction time data. The solid lines in Fig. 3
and 5 show the results of such ts. As seen in Fig. 3 and 5 the
tted curves match reasonable well the experimental data. The
corresponding rate constants k1 and k2 are compiled in Table 1.

Data in Table 1 indicate that PCLD and PTHF have similar
reactivities towards MDI, while PPG reacts by almost one order
of magnitude slower. Similar reactivities of PCLD and PTHF are
most probably due to the presence of primary hydroxyl groups
and relatively long carbon-chain-ends in both polymers. In
contrast, the low reactivity of PPG can preferentially be ascribed
to the secondary hydroxyl end-groups in PPG. It is well-known
Fig. 5 Product distributions versus time in the PCLD-MDI reaction
determined by MALDI-TOF MS. The solid lines represent the fitted
curves calculated by eqn (10)–(12). Experimental conditions: see Fig. 4
caption.

This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra06671b


Table 1 The pseudo first-order rate constants for the reactions of MDI
with polymer diols (PPG, PTHF and PCD) obtained by fitting the
parameters of eqn (10)–(12) to the experimental curves. k1 and k2 are
the rate constants for the reactions of MDI with the first and the
second hydroxyl group (i.e., when the first one has been reacted),
respectively. Experimental conditions: [MDI]o¼ 0.32 M, [polymer diol]o
¼ 0.01 M, T ¼ 80 �C solvent: toluene

Polymer diol k1 � 104 (min�1) k2 � 104 (min�1)

PPG 4.6 � 0.1 4.9 � 0.2
PTHF 51 � 1 59 � 1
PCLD 80 � 1 78 � 2

Fig. 6 Variation of XBn
as a function of XAn

for PPG, PTHF and PCLD.
The solid line show the theoretical curve for the case of a ¼ 0.5.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
1/

20
25

 8
:3

9:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that secondary hydroxyl groups are less reactive than the
primary ones.19,20 Thus, to conrm the presence of secondary
hydroxyl end-groups in the PPG sample, the primary and the
secondary hydroxyl group contents were determined according
to a previously reported method.41,42 It was found that PPG
contained �10% primary and �90% secondary hydroxyl end-
groups. It is also evident from the data of Table 1 that the
values of k1 are very close to those of k2, i.e., k2/k1 values are 1.06,
1.16 and 0.98 for PPG, PTHF and PCLD, respectively. This
nding indicates that aer either of the two hydroxyl groups has
been reacted the reactivity of the remaining is not altered
signicantly, i.e., the absence of substitution effect. Another
way to obtain data for the extent of substitution effect is to plot
XBn

as a function of XAn
. This kind evaluation of kinetic data

allows us not only to determine the values of k2/k1 but deviation
from the statistically expected case, i.e., presence or absence of
substitution effect, can easily be visualized over a wide range of
XAn

–XBn
data. eqn (10)–(12) can easily be transformed into

a time-independent relationship between XAn
and XBn

as shown
by eqn (21) (the derivation of eqn (21) can be found in the ESI†).

XBn
¼ XAn

a � XAn

1� a
(21)

where a ¼ k2/2k1.
It follows from eqn (21) that the maximum value of XBn

(XBn,max) can be given by eqn (22) as:

XBn ;max ¼ a
a

1�a � a
1

1�a

1� a
(22)

It can also be deduced from eqn (22) that in the case of a ¼
0.5, i.e., in the absence of substitution effect, the value of XBn,max

is 0.5.
In Fig. 6 XBn

as a function of XAn
is presented for PPG, PTHF

and PCLD.
As it turns out from Fig. 6, the experimental XAn

versus XBn

values for PPG, PTHF and PCLD are very close to those calculated
by eqn (21) with a ¼ 0.5, supporting the absence of any signi-
cant substitution effect in the MDI-polymer diol reactions.
Fig. 7 MALDI-TOF MS spectra of the quenched reaction mixture
obtained in the reaction of PPG_GL with MDI at 1, 600 and 1560
minutes. Experimental conditions: [MDI]o ¼ 0.32 M, [PPG_GL]o ¼ 0.01
M and T ¼ 80 �C.
Reaction of polypropylene glycol glycerol triether (PPG_GL)
with MDI

Similarly to the MDI-polymer-diol systems, the polymer-triol
PPG_GL reacts in stepwise with MDI during the formation of
This journal is © The Royal Society of Chemistry 2016
series Bn, Cn and Dn as shown in Scheme 2. The formation of
these series is evidenced by the MALDI-TOF MS spectra of the
methanol-quenched reaction mixture recorded at different
reaction times (Fig. 7).

As seen in Fig. 7 aer a short reaction time only the starting
PPG_GL is present. However, at elapsed reaction time, the
formation of series Bn, Cn and Dn can also be detected, while at
very long reaction time the nal product (series Dn) appears
with the highest intensity. Furthermore, the masses of series
increase by 282 Da from series An to Dn, corresponding to the
RSC Adv., 2016, 6, 47023–47032 | 47029
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subsequent additions of MDI molecules to the hydroxyl groups
of PPG_GL. The ESI-MS/MS spectrum (shown in the ESI as
Fig. S2†) on selected precursor ions from series Bn, Cn and Dn

show consecutive losses of CH3OCONHC6H4CH2C6H4NHCOOH
units. This conrms that the reaction of MDI with all of the
three hydroxyl groups of PPG_GL took place and no allopha-
nates formed under the reaction conditions employed. The
relative MALDI-TOFMS response factors for series Bn, Cn and Dn

were found to be fA/fBz 1.3 and fA/fCz fA/fDz 2.1, respectively.
The fractional MALDI-TOF MS intensities were then converted
into molar fractions using the corresponding relative MALDI-
TOF MS response factors. Eqn (17)–(20) were tted to the
experimental molar fractions versus time data to determine the
corresponding rate constants k1, k2 and k3 (Fig. 8).

The determined values of k1, k2 and k3 were (4.7 � 0.1) �
10�4 min�1, (8.5 � 0.2) � 10�4 min�1 and (8.6 � 0.2) � 10�4

min�1, respectively. Note that these rate constant values,
Fig. 8 Product distributions versus time in the PPG_GL-MDI reaction
determined by MALDI-TOF MS. The solid lines represent the fitted
curves calculated by eqn (17)–(20). Experimental conditions: see Fig. 7
caption.

Fig. 9 Variation of XBn
(a) and XCn

(b) as a function of XAn
for PPG_GL. The

a ¼ 2/3 and b ¼ 0.5, while the dotted lines represent the best fitting wit

47030 | RSC Adv., 2016, 6, 47023–47032
especially k1, are very close to those of PPG (Table 1). Although
the values of k2 and k3 are very similar, both are higher than k1,
indicating a positive substitution effect. This means that the
reaction of the hydroxyl groups with MDI proceeds faster aer
the rst one has been reacted.

Furthermore, using the XB versus XA data shown in Fig. 9a,
the a parameter can be determined using eqn (21). In case of
a trifunctional triol a ¼ 2k2/3k1 holds. Accordingly, using eqn
(21) a ¼ 1.20 � 0.02 was obtained.

In addition, the variation of the molar fraction of series Cn

(XCn
) with that of series An (XAn

) can be expressed as shown by
eqn (23) (the derivation of eqn (23) can be found in the ESI†).

XCn
¼ a

ð1� aÞð1� abÞ
�
XAn

� XAn

ab
�

þ 1

ð1� aÞð1� abÞ
�
XAn

ab � XAn

a
�

(23)

where a ¼ 2k2/3k1 and b ¼ k3/2k2.
By tting eqn (23) to the experimental XCn

versus XAn
data (see

Fig. 9b) the values of a and b can be determined for which a ¼
1.23 � 0.02 and b ¼ 0.51 � 0.01 were obtained. It is noteworthy
that very similar a values were deduced from both the XBn

versus
XAn

and the XCn
versus XAn

plots. In the absence of substitution
and/or any other effects the values of the rate constants k1, k2
and k3 should be equals, yielding values of 2/3 and 0.5 for a and
b, respectively. In the case of “pure” statistical attachments of
MDI units to the hydroxyl groups of PPG_GL the maximum
value of both XBn

and XCn
are expected to be 4/9. The latter value

can be obtained by derivation of eqn (22) and (23) and inserting
a ¼ 2/3 and b ¼ 0.5). However, as it is evident from Fig. 9 the
maxima of both XBn

and XCn
are considerable lower than 4/9 and

thus a is higher than 2/3 suggesting a positive substitution
effect. The 1H-NMR-analysis of the PPG_GL sample treated with
(CF3CO)2O (similarly to that presented for PPG) revealed the
dominant presence of secondary hydroxyl groups (>98%) with
less than 2% primary hydroxyl group content. Hence, deviations
from the theoretical ones can not be explained by any signi-
cant presence of hydroxyl groups with different reactivities.
Considering the molecular weight of PPG_GL (Mn ¼ 1000 g
mol�1) one can estimate that one “arm” PPG_GL is composed of
ca. 5–6 PO units on the average, thus representing relatively
solid lines show the theoretical curves for the cases of a ¼ 2/3 (a) and
h a ¼ 1.20 (a) and a ¼ 1.23 and b ¼ 0.51.

This journal is © The Royal Society of Chemistry 2016
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short “arms”. Based on this argument, we may conclude that
the observed positive substitution effect may be due to a facile
interaction between the urethane and the unreacted hydroxyl
end-groups. However, it cannot be excluded that the substitu-
tion effect observed for theMDI-PPG_GL systemmay come from
the uncertainties associated with the determinations of the
relative MALDI-TOF MS response factors and/or the occurrence
of “unobserved” side reactions.

Conclusion

The progress of the reactions of three polymer polyols
including PPG, PTHF and PCLD with MDI was monitored by
MALDI-TOF MS. The resulting MALDI-TOF MS intensities
obtained in the methanol-quenched reaction mixture at
different reactions times allowed us to construct the frac-
tional intensities for the corresponding polymer series
appeared in the MALDI-TOF MS spectra. The fractional
intensities were then converted into molar fractions using the
relative MALDI-TOF MS response factors. From the molar
fractions versus time data the corresponding pseudo rst-
order rate constants were determined and the reactivities of
the polymer-diols were found to decrease in the order of PCLD
> PTHF [ PPG. The low reactivity of PPG compared to those
of PCLD and PTHF were ascribed to the presence of secondary
hydroxyl groups in PPG which were conrmed by 1H-NMR
analysis. Based on the results of kinetic experiment it was
concluded that the urethane end-group formed in the reac-
tion of OH group with MDI does not alter signicantly the
reactivity of the unreacted hydroxyl group in the case of these
polymer-diols. However, the reaction of PPG_GL with MDI
represented a more complex kinetic situation as, besides the
starting one, three additional polymer series corresponding
to the PPG_GL reacted with one, two and three MDI units were
formed. The relative MALDI-TOF MS response factors for the
different polymer series were also estimated and these
response factors were used further to obtain the molar frac-
tions for the different polymer series from the corresponding
fractional intensities. Using the molar fractions versus time
data and a consecutive reaction model consisting of three
reaction steps, the corresponding pseudo-rst order rate
constants (k1, k2 and k3) were determined. According to the
results, the rate constant k1 determined for PPG_GL was very
close to that obtained for PPG indicating that the number of
“arms” and the molecular weight had no signicant effect on
the reactivities of the terminal hydroxyl groups. Moreover, the
reaction of the MDI with the second hydroxyl group of
PPG_GL (i.e. aer one of the three has been reacted) proceeds
faster than with the rst one, indicating a positive substitu-
tion effect. This effect may be attributed to a facile interaction
between the urethane group formed and the yet unreacted
hydroxyl end-groups owing to the presence of the relatively
short “arms” in PPG_GL. Moreover, we can not exclude that
the substitution effect observed for the MDI-PPG_GL system
may arise from uncertainties of the determinations of the
relative MALDI-TOF MS response factors and/or the presence
of “unobserved” side reactions.
This journal is © The Royal Society of Chemistry 2016
In addition, it has been shown that the time-independent
XAn

–XBn
plot for the MDI-polymer-diol and the XAn

–XBn
and the

XAn
–XCn

plots for the MDI-polymer-triol systems yielded reliable
results for the relative reactivities and the presence or absence
of any substitution effects.

It has been also demonstrated that MALDI-TOF MS offers
unique way for studying such a complex polymer systems
as each of the species with different masses can easily be
identied and quantitative information can also be gained
providing that the corresponding response factors are success-
fully determined.
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