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ABSTRACT A 19F, 'H, and 13C NMR structural study is presented for a selected sample of a 
perfluoropolyether macrodiol (ZDOL), as well as one of its copolymers with formaldehyde. From their 
l9F spectra the average composition of perfluorooxymethylene and -0xyethylene units along the chain is 
clearly evaluated; the end group analysis allows the calculation of the number average molecular weight 
and functionality of samples of the macrodiol and, to a first approximation, those of the copolymer. The 
lH and 13C NMR spectra are studied also in order to clarify the nature of the bridging units in the 
copolymer between perfluoropolyether segments; in particular the absence of oligo(oxymethy1ene) 
sequences -(OCH&- is verified. A comparison is also made with the spectroscopic data of a corresponding 
low molecular weight compound, which was prepared by reaction of trifluoroethanol with paraformal- 
dehyde. For that reference compound the heteronuclear shift correlation 2D NMR spectrum is also 
reported and discussed. 

Introduction 
Perfluoropolyethers (PFPE) are interesting linear 

compounds, of various molecular weights, which are 
obtainable by photooxidative polymerization of perfluo- 
roolefins. They are commercially known for their 
advanced applications as stable fluids in aggressive 
envir0nrnents.l They can also be used as macromono- 
mers when their end groups bear appropriate chemical 
 function^.^-^ 

Their perfluoroether main chains are characterized 
by a very high flexibility, and therefore very low glass 
temperatures in corresponding polymers or macromer 
segmented copolymers. 

Diolic fluoroether oligomers named Fomblin ZDOL 
(AUSIMONT S.p.A.) belong to this class of PFPE. They 
are substantially characterized by a perfluoropoly- 
(oxyethylene-co-oxymethylene) chain end-capped by pri- 
mary alcoholic end functions: 

HOCH2CF20(CF2CF20),(CF20),CF,CH20H (I) 

(briefly HOCH2-Z-CH20H or ZDOL) 

In recent several physico-chemical properties 
of fractions of ZDOL of different molecular weights have 
been reported, also compared with those of correspond- 
ing oligomer series with diversified pairs of end units. 
Syntheses of new fluorinatednonfluorinated segmented 
copolymers using these diolic fluoroether macromono- 
mers were realized; in particular, interesting acetal 
copolymers were obtained by reaction of ZDOL with 
formaldehyde.1° 
As a matter of fact, the reaction between diols and 

formaldehyde appears to be an interesting way to  
synthesize substantially high molecular weight fluoro- 
ether copolymers containing very short and flexible 
hydrogenated sequences. These copolymers can be seen 
as an interesting model very suitable for investigating 
structure-property relationships of perfluoropolyethers 
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in the region of high molecular weights (not easily 
available by the photosynthesis process). For this, 
proper synthesis conditions are to  be stated in line with 
the particular reactivity features of the rather acid 
hydroxyl end groups. The reaction of formaldehyde with 
negatively substituted alcohols (e.g. fluoroalcohols, as 
trifluoroethanol) is known t o  require a strong catalysis 
(e.g. the use of concentrated sulfuric acid).l' Similar 
procedures were followed also in the polyreaction with 
fluorinated diols (typically 2,2,3,3,4,4-hexafluoropen- 
tanediol), leading however to  low molecular weight 
products.12J3 In the case of ZDOL, high molecular 
weights can be instead obtained.1° In the resulting 
copolymers, the bridging units between the fluorinated 
Z segments may reasonably be expected to be linear 
dimethyleneoxymethylene, i.e. monoformal: 

-Z-CH20H + CH2O + HOCH2-Z- - -H20 

-Z-CH20CH20CH2-Z- 

the reaction being carried out a t  temperatures above 
the estimated ceiling temperature of a possible polyau- 
toaddition of the formaldehyde in the specific reaction 
system. 

In the present work, special attention was paid to  the 
refinement of NMR analyses of starting and final 
fluorinated products of the above reaction. In particu- 
lar, a checking of the correctness of the expected 
monoformal structure of the bridging units appears to 
be of special interest, in that it determines the minimum 
chemical dissimilarity with the PFPE chain. For a 
comparison of spectroscopic data with those of the 
copolymer, the following low molecular weight reference 
compound (l,l, 1,7,7,7-hexafluoro-3,5-dioxaheptane) was 
also prepared and used: 

CF,CH20CH20CH2CF, (11) 

Experimental Part 
Materials. The fluoropolyether macromonomer was a 

selected Fomblin ZDOL sample (AUSIMONT), which, on the 
basis of this work, resulted as havingplq = 1.05, M, = 2060, 
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and a hydroxyl functionality of 1.94. Trifluoroethanol and 
paraformaldehyde (both Aldrich) were used as received; Deli- 
frene LS (1,1,2 trichlorotrifluoroethane, AUSIMONT) and 
diethyl ether were distilled before use. 

The sample of perfluoropolyether-formaldehyde copolymer 
was prepared by a typical synthesis procedurelo as follows. 
Paraformaldehyde (1 mol of CHzO) was dissolved in 96% 
sulfuric acid (3 mol) at room temperature and ZDOL (1 mol) 
rapidly added under magnetic stirring. The viscosity of the 
mixture immediately rises, leading in a few minutes to the 
stopping of the magnetic bar. After 1 h the mixture was 
diluted with Delifrene (10 g of polymer/100 mL of solvent) and 
saturated with gaseous "3; the salt formed was filtered off. 
The resulting solution was washed with HzOz 30% (10% v/v 
with respect to the organic phase) and two times with water 
(50% v/v) and then dried over NazS04. The solvent was finally 
removed under vacuum (initially 20 mmHg, then down to 10+ 
mmHg) at  50 "C for 2 h, and the polymer separated as a 
viscous oil. About 9 g of acetal copolymer was recovered 
starting with 10 g of ZDOL. 
A sample of l,l, 1,7,7,7-hexafluoro-3,5-dioxaheptane CF3CHz- 

OCHZOCH~CF~ (111, was also prepared by the reaction between 
trifluoroethanol and paraformaldehyde, carried out as de- 
scribed in the literature,ll using 96% sulfuric acid. After l h, 
the crude reaction product (upper phase) was separated out, 
diluted with diethyl ether (50% v/v), and washed with an 
equivolumetric aqueous NaHC03 5% solution (two times) and 
then with water up to neutral pH. The organic phase was 
dried over anhydrous NaZS04 and the solvent carefully evapo- 
rated. The crude reaction product (yield 75%) was analyzed 
without further purification. 

FT-NMR. Both ZDOL (I) and its acetal copolymer are 
relatively low viscosity liquids down to very low temperatures 
(Tg below -100 oC).6Jo 

Solvents suitable for PFPE are practically some fluorinated 
or chlorofluorinated hydrocarbons. For partially hydrogenated 
PFPE copolymers, like the polyacetal here described, it is even 
more difficult to find a solvent or solvent mixture able to give 
a truly homogeneous solution. For these reasons it was 
preferred to record all the spectra on neat isotropic samples 
(at 30 "C for ZDOL and 50 "C for the higher viscosity 
copolymer). Accordingly, the reference compound (11) spectra 
were also registered without solvents. 
A Varian XL 200 instrument was used for 19F analysis and 

a Varian Unity 300 was used for lH and 13C NMR. 19F 
chemical shift values (ppm) were referred to those of CFC13 
(trichlorofluoromethane), determined in separate experiments. 
Tetramethylsilane (TMS) was used as the internal standard 
(0.5% w/w) for the IH and 13C chemical shifts. 19F spectra were 
registered at  188.22 MHz (spectral width 25 kHz) with about 
1000 scans, acquisition time 0.5 s, flip angle 12", and pulse 
delay of 3 s. IH NMR spectra were registered after 500 scans 
at  300 MHz (spectral width 4 kHz) with acquisition time 4 s, 
flip angle 12", and pulse delay 8 s. The proton-decoupled 
qualitative 13C NMR spectra were obtained after a generally 
overnight acquisition at  75.5 MHz (spectral width 16 kHz) with 
acquisition time 1 s and pulse delay 2 s. The spectrometer 
was previously locked on acetone& 

In addition to one-dimensional spectra heteronuclear shift 
correlation 2D NMR spectroscopy was also used in order to 
obtain information on correlation among lH and 13C signals 
of the reference compound (11). The experiment was carried 
out according to the higher sensitivity Heteronuclear Multiple 
Quantum Coherence method (HMQC), based on the detection 
of the satellite peaks of protons coupled to  l3C nuclei.'4 

NMR Results 

tized as follows: 
The structure  of ZDOL m a y  conveniently be schema- 

a-(OCF2CF2),(OCF2),-o (111) 
Thep tetrafluorooxyethylene (C2) sequences (or units) 

a n d  the q difluorooxymethylene (C1) sequences are 
randomly distributed along the chain. In practice, very 

I I 
c, l e u  c, *ON 

Figure 1. 19F NMR spectrum of the ZDOL sample. 

Table 1. Assignments (ppm) and Relative Normalized" 
Areas of lgF Sienals of ZDOL and Its Acetal CoDolvmer 

chemical area area 
assgnt shift (ZDOL) (copolymer) 

-53.61-53.7 95.4 95.4 1 -0CFzCF~OC~zOCF~CFzO- -52.0/-52.1 
-OCFzCFzOCF~OCFzO- 
- O C F ~ O C ~ ~ O C F ~ O -  -55.31-55.4 

100 -0CFzCFzOCFzCF20CFz- -89.01-89.1 ] 
-OCF~OCF~CF~OCF~- -90.61-90.7 
-0CFzCFzJXF2CFzCFz- -83.8 
-0CFzO~~zCFzCF2- -85.4 
-0CFzCrzCFzCF20- -126.0 0.5 0.5 
-0CF2CFzCFzO- -129.7 0.7 0.7 

18.8 0.8 

0 18.0 

-0CFzCFzOCF2CHzOH 

0.5 0.5 

-0CFzCFzOCFzCHzOR 

-0CFzCFzOCF-3 
-0CFzOCF-3 

-83.3 

-80.5 

-58.0 -56.3 1 

-81.3 1 -OCF~OC~~CR~OH 

- O C F ~ O C ~ ~ C R ~ O R  -78.5 1 
Normalization involves the registered integrals to be divided 

by the number of magnetically equivalent F atoms; i.e the C1 
integral is quoted IIz, the CZ I I 4 ,  the -0CF3 '13, and so on. To the 
most intense signal (the CZ in the specific instance) is attributed 
the relative value 100. 

small amounts  of hexafluorooxytrimethylene ( CB) a n d  
octafluorooxytetramethylene (C4) units are also present. 
The end  units are a = -CF2CH20H and OJ = -0CF2- 
CHzOH or, in a minor amount ,  -OCF3 ( taking into 
account the particular synthesis process, macromol- 
ecules with both -OCF3 end groups can  be considered 
absent). 

The lH NMR spectrum is characterized by a multiplet 
at +3.92 ppm, which can be assigned to  the -CH2- 
group (two overlapped t r iplets  from the statistical 
presence of C2 a n d  C1 units in f i  position with respect 
to  methylene). The hydroxyl proton resonates at +4.99 
ppm as a relatively sharp singlet. 

Previous s tud ied5  on 19F spectroscopy of low molec- 
ular weight perfluoroether model compounds give with 
high precision the effect of oxygen atoms linked with 
an ether type bond to  -CF2- a n d  -CF2CF2- groups. 
This effect consists of a systematic decrease of the 19F 
NMR chemical shift with respect t o  the pure perfluo- 
roalkylene s t ructure .  On this basis, an exhaustive 
analysis of the Z perfluoropolyether chain w a s  previ- 
ously reported.16 Similarly, the spectrum of ZDOL 
shown in Figure 1 is dominated by three main  chemical 
shift zones: from -51 t o  -56 ppm (the C1 zone), from 
-81 to  -84 ppm (the functional end groups zone), a n d  
from -88 to -92 ppm (the CZ zone). Table 1 sum- 
marizes the 19F NMR assignments  of signals for ZDOL. 
For the purpose of this work, it is particularly significant 
to s t ress  t h e  presence of two signals at -81.3 a n d  -83.3 
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Figure 2. lH NMR spectrum of the ZDOL-formaldehyde 
copolymer. 
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Figure 4. 13C NMR spectrum of the ZDOL-formaldehyde 
copolymer. 
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Figure 3. I9F NMR spectrum of the ZDOL-formaldehyde 
copolymer. 

ppm, corresponding to the -CFzCHzOH ends bound to 
a CZ and a C1 unit, respectively. 

The 13C N M R  proton-decoupled spectrum of the ZDOL 
sample is characterized by a triplet at +64.1 ppm (JCF 
= 33 Hz), which can be assigned to the -CHzOH chain 
ends, while the signals of -CFz- belonging to the 
internal units and the -CF3 chain ends are located 
between f l l O  and $130 ppm. 

Figures 2-4 show the spectra of the ZDOL-formal- 
dehyde copolymer. The lH-NMR spectrum shown in 
Figure 2 consists of a broad signal a t  +3.90 ppm and of 
a singlet at f4.79 ppm. The former signal may be 
attributed to the -CFzCHz- methylene; the broadening 
due to  the relatively high viscosity (low spin-spin 
relaxation times) of the polymer masks the fine coupling 
between fluorine and hydrogen. The singlet a t  +4.79 
ppm may be assigned to the oxymethylene sequences 

The 19F NMR spectrum reported in Figure 3 is very 
similar to that of the ZDOL precursor, except for two 
new signals appearing at -78.5 ppm (-CFzCHzOR near 
to a C2 unit, where R = (CH20-),) and at  -80.5 ppm 
(-CF2CHzOR near to a C1 unit), respectively. One of 
the signals of unreacted -CFzCH20H end groups, a t  
-81.3 ppm, can also be recognized and integrated (see 
expansion); the other signal, at -83.3 ppm (quite 

(-CHzO-),. 

100 80 

m p p n  

Figure 5. 2D 13C-lH NMR spectrum of the reference 
compound. 

overlapped by the C3 signal a t  -83.8 ppm), can be 
estimated from the former by knowing the plq ratio. 
Table 1 reports all the 19F assignments of ZDOL and 
the copolymer. 

Figure 4 shows the 13C NMR proton-decoupled spec- 
trum of the copolymer, which is characterized by the 
rather complex patterns from f l l O  to +130 ppm, 
corresponding to the carbon atoms with fluorine cou- 
plings. The triplet a t  +64.3 ppm (the -CFzCHzOH 
chain ends) has a very weak intensity and is ac- 
companied by another triplet (JCF = 33 Hz) a t  f68.0 
ppm, which may be attributed to  the etherified -CFz- 
CHzOR- methylene groups. Accordingly, the main 
signal at +97.2 ppm, devoid of fluorine coupling, may 
be assigned to the oxymethylene species (-CHzO-)n. 

Figure 5 finally reports the 2D 13C-lH spectrum of 
the sample of the reference compound (ID, having the 
'H spectrum as the ordinate and the 13C one as the 
abscissa. 

The former shows a quartet a t  f3.92 ppm (intensity 
= 120, JFH = 8.6 Hz), assigned to the CF3CHzO- group, 
and two sharp singlets a t  f4.78 (intensity = 55) and 
+4.83 ppm (intensity = 9) in the range of the (-CHz- 
0-I,, species. 
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The 13C NMR proton-decoupled spectrum is charac- 
terized by two main singlets a t  +96.9 and +93.3 ppm 
(the oxymethylene range) and by a quartet centered at  
+66.1 ppm (JCF = 37 Hz, -CHz- bound to the -CF3). 
The main lH oxymethylene singlet a t  +4.78 ppm is 
overlapped to the 13C signal +96.9 ppm, whereas the 
lower intensity lH signal at +4.83 ppm appears closely 
correlated to  the other 13C signal located at  +93.3 ppm. 

The CF3- group would appear as a quartet centered 
at f125.5 ppm with JCF = 280 Hz (not indicated in the 
figure). 

Discussion 
The above described NMR results and the corre- 

sponding signal assignments can be now properly 
discussed for an exhaustive structural analysis of the 
ZDOL-formaldehyde copolymer. Then, once the struc- 
ture is defined, the spectral data are going to be used 
in order to obtain the macromolecular parameters 
(composition, functionality, molecular weight) of both 
ZDOL and its acetal copolymer. 

For the ZDOL-formaldehyde copolymer, in order to 
take into account the mentioned possible presence of 
oligoacetal bridging groups in its main chain, reference 
can be made to the following general expression of its 
constitution (Rf = (OCFZCFZ)~(OCFZ)~) 

a-Rf-[OCF,CH,0(CHzO).CH,CF2-Rf-3,-w (IV) 
where a and w have the meanings given in formula 111. 
Reasonably, the presence of possible poorly stable 
residual hemiacetal ends -CFzCHzOCHzOH (which are 
formed in the first step of the base reaction of ZDOL 
with formaldehyde) in the considered sample should in 
fact have been eliminated, with the chosen synthesis 
procedure, by the oxidizing treatment of the product 
with HzOz. 

Of course, the determination of n in IV, that is the 
average number of oxymethylene units in the hydroge- 
nated bridging groups, can properly be done by means 
of lH and 13C NMR spectroscopy of the copolymer. 

The lH NMR spectrum (Figure 2) shows the -CFz- 
CH20- methylene signal with intensity 120 and the 
oxymethylene one with intensity 58. The corresponding 
integrated areas ratio is very close to the theoretical 
ratio 2, which would represent the structure with only 
the monoformal group. The 13C NMR spectrum (Figure 
4) shows the presence of the proton-decoupled singlet 
at 1-97.2 ppm, i.e. the -0CHzO- carbon resonance. 

A finer structural analysis may also be made by 
comparison with spectra of the reference acetal of 
trifluoroethanol, as well as by taking into account data 
on other polyacetal compounds reported in the litera- 
ture. 

The expected product of the reaction between trifluo- 
roethanol and formaldehyde, formally 1,1,1,7,7,7-hdu- 
oro-3,5-dioxaheptane, as expressed by formula 11, may 
be seen as representing a simple case of fluorinated 
alcohol acetal having low molecular weight and viscos- 
ity, able to provide information about chemical shifts 
of corresponding oxymethylene sequences devoid of the 
signal broadening typical of NMR spectra of high 
molecular weight compounds. 

The correlations between the lH and 13C signals are 
shown in Figure 5. The comparison with the chemical 
shifts of different oxymethylene sequences (as mono- 
formal, diformal, or triformal ether links) in fully 
hydrogenated acetal copolymers like 1,3,5-trioxane/l,3- 
dioxolane cop01ymers’~J~ allows us to conclude that the 
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and ‘H Acetal Signals Table 2. Assignments (pprn) of 
Derived from the 2D Heterocorrelated Spectrum of the 

Reference Compound 
assnd 13c ” 

Y ~~ 

CF~CH~OCH~OCHZCF~ +96.9 +4.78 
C F ~ C H ~ O E ~ O C H Z O C H Z C F ~  +93.3 +4.83 

crude product of reaction of the trifluoroethanol with 
formaldehyde mainly consists of monoformal ether and 
diformal ether in relative abundance of about 12 to 1. 
The assignments are summarized in Table 2. 

Similar indications may be found from other litera- 
ture data on 13C NMR spectroscopy of different polyac- 
eta1 copolymers. In the case of polysulfide prepoly- 
mers,lg in which the first synthesis step consisted of the 
reaction of chloroethanol and paraformaldehyde with 
acid catalysis, the 13C analysis of the product showed 
the presence of diformal ethers as main byproducts; the 
assignments were f95.5 (monoformal) and +92.0 ppm 
(diformal). Also 13C NMR studies on 1,3,5-trioxane/1,3- 
dioxolane copolymersz0 report a difference in chemical 
shift of about 3.5 ppm between -0CHzO- and -0CHz- 
OCHz0- sequences and of about 3.0 ppm between 
-0CHzO- and -OCHzOCHzOCHzO-, These shifts 
are in quite satisfactory agreement with that found for 
the sample of our reference compound. 

On the basis of all the above considerations, a definite 
interpretation of the spectrum of the ZDOL-formalde- 
hyde copolymer is now easier. In particular, the 13C 
NMR signal of the copolymer at +97.2 ppm is not far 
from the chemical shift value of the monoformal ether 
of the reference compound, and there is no other 
detectable singlet a t  significantly higher fields. Thus, 
the structure of the copolymer can be considered ef- 
fectively alternated; that is the value of n in (IV) is 1. 

The second level of this discussion concerns the 
application of NMR spectroscopic data in the determi- 
nation of the numerical average quantities of macro- 
molecular interest, such as composition, functionality 
and molecular weight. In the specific instance, 19F NMR 
appears to  be particularly helpful because it shows a 
good resolution of signals related to internal and end 
units that are easy to integrate correctly: as known, 
19F spectroscopy combines a high sensitivity to the 
resonance, common to lH NMR, with a wider chemical 
shift range (about 25 kHz) which allows a finer analysis 
of the polymer structure. Moreover, quantitative inte- 
gration of 19F signals is easier than in the case of 13C 
spectroscopy. On this basis, it is possible to calculate 
composition, hydroxyl functionality F, and number 
average molecular weight Mn. 

In the case of ZDOL, with UI, UZ, U3, and Ua defined 
as the normalized integrated areas of signals corre- 
sponding to C1, Ca, C3, and Cq internal units and E, and 
Ei as those of “reactive” (-CFzCHzOH and -0CF2CH2- 
OH) and “inert” (-OCF3) end units, the main composi- 
tive parameter may be easily calculated as 

P 4  = U P 1  (1) 
The hydroxyl functionality F,  that is the number of 

functional (reactive) ends per molecule, may be ex- 
pressed as 

(2) 

where f i  = (E, - Ei)/(Er f Ei) is the fraction of 
bifunctional molecules and (1 - fb) the fraction of 
monofunctional ones. 

F = 2EJ(E, + Ei) = 2fb + (1 - fb) 
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The number average degree of polymerization xn is 
given by 
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accuracy of the NMR method is clearly lower in the case 
of the acetal copolymer. For this, the intensity of the 
residual end group signals is very weak and a partial 
overlapping among the peaks is also present (i.e. the 
C1 bound -0CFzCHzOH signal at -81.3 ppm with the 
C3 signal at -83.8 ppm). A further source of uncer- 
tainty could be represented by the possible presence of 
cyclics, typical of this class of polymerization, for which 
NMR would see as infinite the molecular weight, leading 
to overestimated Mn values. 

About the precision, our method revealed a high 
reproducibility: five independent measurements on the 
same ZDOL sample gave an M,, value of 2060 f 35 
(mean standard deviation). In light of these observa- 
tions, a 5% precision may be reasonably assumed in our 
case (on the order of that estimated for molecular weight 
determinations of other oligomers21,22). 

A final remark is about the results of the spectroscopic 
compositional analysis. With regard to  acetal copoly- 
mers of ZDOL, NMR proved the largely predominant 
structure to be that containing the only monoformal 
link. Despite the formation of a rigorously alternated 
copolymer by reaction of ZDOL and paraformaldehyde, 
the 'reference" product (11) of the very similar reaction 
between trifluoroethanol and paraformaldehyde re- 
sulted in a mixture surely containing relevant amounts 
of higher oxymethylene sequences. Such an unexpected 
behavior has to be clarified by a deeper investigation of 
the parameters affecting the presence of oligo(oxymeth- 
ylene) segments. 
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