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The reaction between hexam ~t hy lcnediisocyana te and I-pentanol in to luenc was ~tudicd by means 
or revcrsed-phase liquid chromatography. By employing this method, it was possiblc to determine 
a ll components of the reaction mixture includin g both products, i.e. N-(Ii-isocyanate hexyl)pentyl­
carbamate and N,N '-bis(pentyloxycarbonyl)hexa mcthylencdiamine. Relati ons ror thc calculation 
or kinetic comtants were derived assuming a competiti ve consecutive second-order reaction. 
II was demonstrated that the rcaction invol ved in this case is indecd a second-order reaction , and 
the rate constants of the first and second consecutive reacti ons were determined. 

The study of the reaction between diisocyana te and hydroxy compounds is still 

topical and does not lose in importance, in particular because thi s type of reaction is 

the basis of the synthesis of polyurethane which becomes increas ingly important in 

the polymer chemistry. The reaction has been investigated by many authors l
-

8; 

up to now, however, with respect to the comecutive character of the reaction, they 

ha ve met with difficulties in the evaluation of kin etic con stant s in the first and second 

stages of the reaction. The lack of suitable ara lytical methods which would a llow to 

determine changes in the concer,trations of the initial compounds and in the cor:tent 

of formiJ' g products in the first and secor.d stage necessi tated ~evera l mathematical 

procedures, mainly based on the loss of isocyanate groups as a whole! .4.7, or - more 

conveniently - on an additioli al determination of carbamate groups7.8 .!O. In some 

ca,e " such reaction con ditions were c1lOsen whIch enabled the react ion to be t:.va luated 

as p ~eudon:onomolecula r 7 - 9. 

It has been the objective of this stu dy to determine kinetic constants of the reaction 

between hexamethylenediisocyanate and I-pentano l, using an analysis of the reaction 

mixture by means of reversed-phase liquid chromatography. 
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EXPERIMENTAL 

C hcmica ls 

Tolucne, l-pentanol, methanol and ethylbenzenc were reagent grade (Lachema), redistilled prior 
to use and dried by sto ring over a molecular sieve. After distillation in vacuo, hexa methylened iiso­
cyanate (Dcsmodur H, Bayer) contained 99·05% of the substa nce (b.p. 127°C/2·4 kPa). Acetonitrile 
(Avondale Labs., England) was used in liquid chromatography as supplied. 

N,N'-bi s(pentyl oxyca rbonyl)hexamethylenediamine was synthesized as an analytical stand ard 
in an a ppara tw, for reaction kinetics investiga tion «(f below). A mixture of hexamethylenediiso­
cyanate and l-pentanol (mola r ratio 1 : 10) was kept in to luene with stirrin g under nitrogen at 
70 °C fo r 8 h; afte r tha t, the solution was cooled a nd left to sta nd at 4°C for 48 h. The crys tal s thu s 
ob ta ined were filte red with suc tion , washed with cool toluene and dried ill vaCllO at room tempera­

ture. For C IMH3 6N2()4 (344·5), calculated: 62·76%C, 10·5(,% H, S· 13% N; found: (,2·98%C, 
IO·('S% H, 8·12% N. 

Add iti on of Diisocyanate and Alcohol 

The reaction vessel used in the kinetic studies was a glass fla sk 100 ml in volume, provided with 
a s ti rre r, supply of dry nitrogen a nd a CaCI 2 closure. The flask was placed in a thermostat the 
te mperat ure o f which was maintained a t 50 ± O· l °e. The individual components of the reactio n 
mixture were dosed usin g a Pipetman- Gilson pipette. The total volume of the reaction mixture 
was 50 ml. A corresponding amount of toluene toge ther with hexamethylenediisocyanate was 
thermostated in the reaction vessel after flu shing with dry nitrogen . After 30 min, l-pentanol was 
ad ded on prelimina ry thermostating to the reaction temperature in the sa me ultrathermostat. 
The time wa s measured starting from the moment of its addition; 0·5 ml of the reaction mixture 
was then taken each ti me with a micropipette in certain interva ls, transferred into 5 ml of dry 
methanol containing e thy lbenzene (2% by vo l. ; internal standard for liquid chromatograpIiY).-

Analysis 

The individual sa mples were analyzed by high-performance liquid chromatography on reversed 
phase. Silicagel, mean particle size 5 11m, with chemically modified surface by means of octadecyl­
trichlorosilane was used as the stationary phase; isocratic mixture acetonitrile- water (6 : 4 v/v), 
volume flow rate 0·5 ml / min, was the mobile phase. A "cartridge" type column, i.e. a glass column 
(3·4 mm i.d. , 150 mill long) with chemically treated surfacell (resistance up to 80 MPa) provided 
with a dura luminjacket was used in the measurements. The signal was recorded with a differen tia l 
refractometer (Waters Ass., type R 401). 

Direct calibration made possible determination of the dependence of molar concentrations of 
hexamethylenediisocya nate (I), I-pentanol (A) and N,N'-bis(pentyloxycarbonyl)hexamethylene­
diamine (further called briefly diurethane, D) on the ratio of their peak height (a) to the pea k of 
the internal standard (b): [T) = 0·248al/b - 0·033, [A] = 1·384a,.jb, [D] = 1·017aD/b. A similar 
relation for N-(6-isocyanatohexy l) pentylcarbamate (further on, only monourethane, M) could be 
obtained from the mass balance, 

[A]o - [A] = [M] + 2[D] , (1a) 

[1]0 - [I] = [M] + [D] , Ub) 
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and thm 

[MI = 2( [110 - [I ]) - ([Alo - [All; (Ie ) 

linea r regression of these va lues gave the relat ion fo r mono urethane [M I =, O·357oM /b. 
A typica l chroma tog ram of thc reacti on mixture is shown in F ig. 1. 

RESULTS AND DISCUSSION 

Reactions between hexa methylenedii socyanate (1) and ]-pentanol (A) at the stcut ing 
mo lar J a ti os o f the compounds 1 : ] , 1 : 2 and 1 : 3 were investigated fOl 480 min. 

Mathematical evaluation of the measured conccn tration changcs (Figs 2a - c) was 
based on the assumption that the formation of the monoadduct (M) and diadduct 

(D) proceeds via a competitive conseclltive seconcl-ordeJ reaction 

C s HJlOH + OCN(CH2)6NCO ~ CSHlt O CONH(C H2)6NCO (A) 

A M 

(B) 

Since the analytical method used a llows also the instantaneo ll s concentrations or 
the transitional reaction product to be determined, the following procedure was elll-

FIG. 1 

Liquid chromatography record: 1 hexa­
methylenediisocyanate, 2 I-pentanol, 3 mo­
nourethane, 4 toluene, 5 ethyl benzene (in­
ternal sta nd a rd ), 6 diurethane 
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ployed in the determination of the ralio between the two kinetic constants k t, k 2: 

d[IJ /dt = -kt[AJ [IJ, (20) 

(2b) 

here, the concentrations of all components of the reaction mixture are expressed in 
molar concentrations. By dividing Eq. (2b) by (2a) and substit uting x for k2/kl> we 

1-6r----.-----r-----, 

• 
mol/l 

• 

FIG . 

Time dependence of the reaction between hexa methylenediisocyanate ([110 = 0·500 moll - I) 
and I-pentanol (A), 0 I, • A, () monourethane, () diurethane; [Alo/ [Ilo: a) I : 1, b) 2 : I, c) 3 : 1 
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obtain 

d[MJ -I + % [MJ . 
d[IJ = [IJ 

Solution to thi s differential equation in the respective limits after the substitution 

[MJ/ [IJ = v is 

_ I _ In [I + (I - x) vJ = In [IJo . 
I - % [IJ 

(4a) 

A simple rearrangement gives 

[MJ = _ 1_ ([IJo)I -% 

[IJ I - % [IJ 1 - % 

(40) 

Relation (4b) allows us to determine the ratio of the la te constants, x. Fig. 3 shows 

experimentally obtained values of all molar ratios, alollg with the theoretical depen­

dences of [MJ/[IJ on [IJo/ [I]' It can be sa id that they correspond to the theoretical 

J( = 04 I 

[Ml/[I] 

3 - ~ 

j 
~ 
I 
i 

I 

[IV[Il 

FIG. 

Determination of kinetic constants (k 2/ k I = 

= Yo) using relation (4b). [Alo/fI lo : 0 I : I, 
e2:1 ,-'3: 1 

o ';00 

FIG. 

Determination of the rate constant k2 u~i ng 

relation (Sd). [Alo/ [)): 1 : 1 0 ([A)o = 0'498), 
e ([Alo = 0'500); 3 : 1 () 

-------------- -----------------
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dependence for x = 0·5. Thu s, the ratio of rate constants, k1 /k2' is two , which mean s 
that the reactivity of isocyanate groups in diisocyanate (with two reactive groups) 
and in monourethane (with one reactive group) is the same and can be cbaracteJized 

by the constant "2. 
For the amount of alcohol consumed by addition reactions we have 

(5a) 

By substituting 2k2 for kl and from Eq. (Ie) for [I], we obtain 

- d[A] /dt = k2 [AJ([AJ - [AJo + 2[IJa)' (5b) 

where [A Ja - 2[IJo is a constant, so that 

-d[AJ/dt = k2 [AJ([AJ - C) (5e) 

and after integration 

In [A J - C = In [AJo - c: _ k Ct. 
[AJ [AJa 2 

(5d) 

2~ 
-2 

Inz 

1 / [Al ~ 
• 

• 

400 200 400 
min 

FIG. 5 FIG. 6 

Determination of the rate constant k2 using 
relation (6a) at [Ala/[I)) 2 : 1 

Time function z(l) expressed as In z = In 
Za - bl for calculation of the rate constant 
k 1 using relation (7b) at [Ala/[Ila 3 : 1 
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By plotting the left-hand side of Eg. (5d) us t, a linear dependence was obta ined (Fig. 

4): after dividing by the constant C, its slope gives the kinetic constant k 2 . The values 

thus obta ined are given in Table 1. 

In a specia l case where [A Jo = 2[IJo, C in Eg . (5c) is zero, so that 

(6) 

and 

k 21 = I/[AJ - l[AJ o · (60) 

It may be inferred from Fig. 5 that in th is case it does ho ld tha t kl = 2k 2 ; at the same 

time, k2 can be deteJmined (the slope of the straight line). The r espective value deter­

mined by linear regression is al so given in Table T. 

If the instantaneous concentration of the intermediate product (monouJethane) 

is known , the problem can be approached in another way. ]f Eg. (5a) is written as 

(7) 

then, by substituting x for k11kl and rea rrangement , we obtain 

dIn [AJ = -kt ([IJ + x [MJ)dt (7a) 

and afte r integrat ion 

_ l_n -,-=([_A=Jo,-=-/ [~A J) 
kl -

- f>(t)dt , 
(7b) 

TAIlLE I 

Kinetic constan ts kl a nd k2 (1 mol-I min-I) for the reac ti on between hexamethylenediisocya­
nate (J) a nd I-pentano! (A) 

[Ala [Ala 
according to Eqs (5d, 60) accord ing to Eq. (7c) 

moll - 1 
[Ilo k t . 103 k 2 . 10 3 k t • 10 3 . 103 

k2 

0·498 I: I 4'10 2·05 4'23 2' 12 
0·500 I : I 4·14 2'07 3·74 1·87 
0 '997 2: 1 4·16 2·08 3·97 1'98 
1'500 3 : I 3·48 1·74 3'58 1·79 
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where Z(I) = [I] + x[MJ. We found, by using a plot in the coordinates In 2 us I, 
that in our case the function 2(/) can be expressed by an empilical equation In ;: = 

= In Zo - hi, where Zo = [1]0' so that the integral in Eq. (7b) is equal to zo(t 

- e - b')/ b. The function Z(I) is shown in Fig. 6. Eq. (7b) then becomes 

(7c) 

Calculation gave the values of the constant kl whose average values for all three mo­

lar ratios are given in Table J. 

Thus, it can be said that in this case the reaction is indeed a competitive consecutive 

second-order one. The absolute values of the rate constants have been confirmed by 

mutually independent procedures, taking into account concentration changes of the 

two starting compounds and the instantaneous concentrations of the monoderivative. 

The values of these constants al e independent of the alcohol concentration and do not 

vary with conversion. The rate constants of the reaction between the isocyanate 

group and pentanol arc the same for dii socyanate and monollrethane. 
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