
AN INFRARED STUDY OF TRIMETHYLAMINE OXIDE, 
ITS HYDRATE, AND ITS HYDROCHLORIDE1 

ABSTRACT 

The infrared spectra of trimethylamine oxide, its hydrate, and its hydrochloride in the 
solid state were measured over the range 300 to 3500 cm-' to ascertain the nature of the 
bonds in these compounds. From the observed stretching freque~lcies, 937 c~ll-' for N-0 
and 945 cm-I for C-N, the corresporlding bond lengths are calculated to be 1.44 and 1.50 a 
in agreement with X-ray and electron diffraction data. Both these frequencies remain un- 
changed in the hydrate and the hytlrochloride as  could be expected for molecular compoui~ds. 
I-lo\vever, in the hydrochloride 111ost of the evidence points to an  ionic constitution. 111 both 
the hydrate and the hydrochloride the hydrogen bonds are particularly strong presu~ilably 
because of the formal charges. 

INTRODUCTION 

'l'rimethyla~~line oxide (CH3)BNO offers the classical example of the so-called "co- 
ordinate link," an essentially covalent bond between two atoms with opposite formal 
charges. I t  was first pointed out by Pauling (I) that the distance between the atoms 
thus bonded, viz. N+ and 0-, should not be affected appreciably by the electrical charges. 
Due to absence of other complicating factors, such as resonance among different valence 
bond structures, trimethylamine oxide is a suitable molecule to test this hypothesis. A 
first determination by electron diffraction (2) gave a N-0 bond length of 1.36 A, 
exactly the sum of the then accepted values (I)  for the single-bond covalent radii of 
the N and 0 atoms. Ilowever, this result now appears iilconclusive because, (a)  the 
radial distribution method cannot resolve the very close C-N and N-0 peaks and, 
(b) in the various models used for the visual comparison method, the N-0 bond length 
was varied only between 1.30 and 1.40 A since there is no obvious reason why this bond 
should be much longer than the sum of the covalent radii. In the meantime the latter 
parameters were found to require a sizable upward revision-to 0.74 for both atoms 
(3). This prompted a reinvestigation of the electron diffraction pattern of trimethyl- 
amine oxide (4). Preliminary results (5) indicated a longer N-0 bond (1.44 A) than 
the original one, and a C-N bond length (1.49 A) just a little over the sum of the 
(revised) covalent radii. These two values have been confirmed by a recent X-ray study 
of the crystalline hydrochloride (G), which gives 1.424 A for the N-0 bond and 1.50 A 
for the average of the C-iY bond lengths. 

The  first spectroscopic investigations of trimethylamine oside were done in Raman 
effect. Edsall (7) studied the hydrochloride in aqueous hydrochloric acid solution; from 
the marked resemblance with the spectrum of tertiary-butyl alcohol he concluded to 
the existence of a trimethylhydroxyl ammonium ion [(CH3)3iYOH]+. Later Goubeau 
and Fromme (8) measured the spectra of the oxide dissolved in methanol (Table I).  
Also by comparison with the spectra of tertiary-butyl alcohol they assigned the band 
a t  947 cm-l to the N-0 stretching frequency and estimated the corresponding force 
constant to lie between 4 and 5X105 dynes cm-l. An exploratory infrared study of the 
crystalline solid carried out in this laboratory (9) revealed some 10 bands between 700 
and 3000 cm-l; there also, a band a t  943 cm-l, one of the strongest, was assigned to 

1Manuscript receizled Ja?zz~ary 25, 1961. 
Contribz~tion from the Departli~ent of Che~rzistry, Lava1 U~zivcrsity, Quebec, Qzre. 
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TABLE I 
Rnlilar~ spectra of trimethyla~nine osidc and its 

hydrochloride 
-- --- - 

(CHa)aXO (8) (CH3)jNO .HC1 (7) 

Frequencies Relative Frequencies Relative 
(in cm-l) i~~tensities (in cm-l) illtensities 

1 (water) 
1 
1 

the N-0 bond. While this work was in progress we came across two other coinmui~ica- 
tions on the same subject (10, 11) both relating in fact to the hydrate, as we shall see 
below. 

ESPERIhIIENTXL 

'The sample of trimethylarnine oxide was prepared by oxidation of a 25y0 aqueous 
solution of trimethylamine with hydrogen peroxide (12). Repeated crystallizations 
in methanol gave needle crystals of the dihydrate, from which the anhydrous oxide was 
obtained by gentle heating under reduced pressure (13). The powder, resublimed twice, 
was placed in an evacuable absorption cell fitted with rock salt windows. By means of 
an electric heating tape a thin film of the solid was deposited on the windows. After 
recording of the spectra, air was admitted in the absorption cell, whereupon the film 
b e c ~ m e  hydrated fairly quickly. However, i f  the film was too thick, coinplete hydration 
was very slow. Upoil hydration the white, powdery film becaine transparent. For coin- 
parison the spectra of dihydrate crystals were also obtained by the KBr pellet technique. 

The same method was used for the l~ydrocl~loride, prepared by addition of hydrochloric 
acid to an aqueous solution of trimethylamine oxide. The crystals, purified by recrystal- 
lizatioil, melted a t  217-218" C with some decomposition. Two spectrometers were used: 
a Perkill-Elmer, i\iIodel 112, with NaCl and CsBr optics, ancl a Becltinan, Model IR-4. 
Numerous attempts to secure the spectrum of the amine oxide in the vapor state were 
unsuccessf~il. A short (10 cm) glass absorption cell and a long-path ( I  m) metal cell 
were tried in succession. Because of the low volatility of the oxide the sample had to 
be heated to about 180" C to produce measurable absorption. I-Iowever, a t  that tem- 
pcraturc the vapor decoinposed rapidly and reacted with the salt windows. 
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DISCUSSIOX 

I11 interpreting the spectra of triiuethylamine oxide (Fig. 1) it is convenient to consider 

1 .  1 Infrared spectra of the hydrated (A) and anhydrous (B) trimethylanline oxide. 

the CfI3 groups as single atoms R of mass 15. The resulting XY3Z type of molecule is 
of Cau symmetry, with six fundamental frequencies all active in infrared and Raman. 
For further simplification frequencies above 1200 cm-' (Table 11) may be ignored here 
as they arise either froiu combination tones or from vibrations in the CI-I3 groups. Thc 
latter are already well known froin analysis of the spectra of trimethylamine (14, 15) 
and similar illolecules. Assignment of the various fuildamentals of the R3NO molecule 
is best made by correlation with those of the isoelectronic tetramethyl ammoniuni ion 
R4N+ (15). As shown in Table I11 the two symmetrical vibrations v l  and v? of that ion 
have practically the same frequencies in the oxide, va and v6. On the other hand the 
two triply degenerate vibrations va and v4 of RN4+ are split in the oxide molecule into 
one 11011-degenerate and one doubly degenerate vibration: viz. v3 a t  955 cm-I splits into 
a doublet a t  937 cm-' and 945 cin-', and v4 a t  455 cm-I, into a pair a t  490 ancl 472 cm-I. 

Present assigrlmcnt of the infrared frequency a t  937 cm-' (missing from the spectra 
of trimethylamine) to the N-0 stretching mode follows that of the strong Rain:un shift 
a t  947 clllrl (8). Apparently it was not feasible in the latter spectra to separate the two 
very close stretching frequencies v l  and vj. Even in this work the doublet could be clearlj- 
resolved only in fairly thick samples and with the maximum resolviilg power available. 
Gallais and his co-workers (10) have reported a strong band a t  1060 cm-I \vhich the\- 
assigned to v4. No significant absorption could be detected at that frequency i l l  repeated 
recordings of our spectra of both the oxide and the hydrate (Table 11) ; none \\!as founcl 
either in an independent investigation of the latter coinpound (11). Since no esperi- 
inental details were given by the French authors on preparatiori and pi~rity of their 
saillples it is not possible to account for that result. At any rate it is quite certain from 
the near identity of their reported spectra for trimethylnmine oxide aiicl its hydrate 
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TABLE I1 

Infrared spectra of trimethylarnine oxide, its hydrate, .11ul its 
hydrochloride 

(CH3)3NO (CHj),NO. 2H20 (CH3)3N0 IlCl 
7 .  

This worlc This worlc Gallais (10) I his worlc 

TABLE I11 

Fundame~ltal frequencies of the RAN+ ion and the R 3 N 0  molecule 
- - 

-- 
(CH,)jN+ (CH3)aNO 

vl (al) 752 cm-' - P? (al) 757 ~111-1 I /  sym. C-N stretch. non-deg. 
I\ 

~2 ( E )  372 cm-I - vo (e) 378 cm-I 1 asym. CNC bend. doubly deg. 

v3 (fi) 955 c ~ n - '  -- + PI (al) 937 cm-I 1 )  sym. N-0 stretch. noli-deg. 
--1 

P ,  (e) 945 cm-1 1 asym. C-N stretch. doubly deg. 
- n 

vg  (f?) 155 ~ 1 1 1 - I  + ~3 (al) 490 cni-1 )I sym. ONC bend. non-deg. 
I. 

-3 n 
(e) 472 cm-1 1 asym. OCN bend. doubly deg. 

-- --- -- - 
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that they were actually worlting with the same compound, namely the latter, i l l  both 
cases. Indeed, the partial pressure of water vapor over thc hydratc is less than 2.5 inrn 
IHg a t  room teinperature (16) so that uilless special precautions are talten, as described 
above, atmospheric humidity almost always will be sufficient to hydrate completely the 
very hygroscopic ainine oxide. 

A11 attempt was made to calculate from thc above frequencies the two bond lorce 
constants fN-O and fcfc-N. Equations of a valence force systeins for a tetrahedral XY3Z 
molecule (17) were used assuming force constants for bending inodes to be one-tenth 
of those for stretching modes. Unique values could not be obtained, but only the follo\ving 
estimates. 

N-0 3.8 to 4.8 1.41f0.0'3 
C-N 3.1 to 3 . 4  1 .51f  0.01 

The bond lengths are froin application ol Badger's rule. These values agrce exactly 
with the results of the more recent electron diffraction ( 5 )  and X-ray diffraction ineasure- 
inents (6). From comparison with other molecules such as NI-1,OI-I, I-INOr, etc. (5) it 
is obvious that the N-0 "co-ordinate link" in triinethylamine oxide has rougl~ly the 
same length as a "normal" N-0 single bond as predicted by Pauling. The relationship 
suggested by Schomalter and Stevenson (18) also yields a N-0 bond length (1.435 A) 
very close to the present result; for the C-N boncl, howcver, it gives a slightly shorter 
distance (1.465 A) than the experimental value, although the difference is still within 
the limits of uncertainty of the latter. On the contrary Pauling had prcdictecl for that 
bond an appreciable shortening (about 0.03 or 0.04 A) from the normal single-bond 
length. 

The spectrum of the hydrate, or more correctly the dihydrate, is shown in Fig. 1A 
and the principal frequencies are listed in Table 11. Essentially identical spectra werc 
obtained with the two ltinds of sainples used, viz. thin hydrated filins and I<Br pellets. 
Since, in addition, they agreed closely with the results of an independent investigation 
over the NaCI range (11) there is little doubt about the identity of the compound 
studied. As may be gathered by comparison, the spectrum of the dihydratc bears strong 
resen~blance to that of the anhydrous oxide; particularly the N--0 stretching band 
which retains the same frequency, 937 cin-I. (The reversed intensity ratio wit11 the 
C-N band a t  950 cm-I inay be due to hydrogen bonding.) From this it is safc to infer 
the molecular nature of the dillydrate crystal. Indeed, the trimethylhydroxide aininoniuin 
ion [(CI-13)3NOI-I]+ suggested before (7, 10) xi~ould normally ]lave a sometvhat different 
N-0 stretching frequency from the above. Furthermore, one would expect for that 
ion an Of1 bending frequency and a lo~ir-lying OH wagging frequency not found in our 
spectra. The 0-I-I stretching mode cannot, obviously, yield any conclusive evidence, 
being indistinguishable from that in 1-120. Liittlte found a slightly lower value (3236 cnl-l) 
than that reported here, but the nearness of thc C--H stretching frequencies malies these 
figures rather uncertain. 

On the other hand all the new features in the spectra of the dihydrate may bc accounted 
for satisfactorily in terms of vibrations of the 1-120 molecules. Besides a strong 0-1-1 
band a t  3 p ,  of which there is no trace in the anhydrous oxide, the broad, rather weak 
band centering around 1690 cin-I must belong to v?, the bending mode. This frccluencq- 
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G I G U ~ R L  A N D  C l I l N :  INFRAKED STUDY L'21!) 

is appreciably higher than in pure water, 1650 cnl-' (19), which may be due to loss of 
symmetry of that mode because of unequal hydrogen bonds. In all probability one of 
the H atoms of each water molecule is hydrogen bonded to the 0 atom of triinethyl- 
amine oxide; now it is conceivable that the negative formal charge on the latter atom 
enhances its attraction for the proton, hence a strengthening of hydrogen bonds. The 
same explanation holds for the three separate broad bands a t  893, 852, and 620 cin-1 
attributable to the three libration modes of fI20 molecules. I11 pure water these appear 
to merge into a single broad band with center a t  about 710 cm-I in the liquid and 
a t  800-850 cm-I in ice (19). Fornlation of especially strong hydrogen bonds between 
the two kinds of n~olecules may be linked with the great stability of the dihydrate as 
n~entioned above. Finally, it is worth recalling here that the lo\v electrical conductivity 
of aqueous solutions of trimethylainine oxide has long ago been interpreted as proof of 
non-ionization of the dihydrate (20). 

On the contrary, the infrared spectrum of the hydroc1~loride (Fig. 2) shows some 

I FIG. 2. Infrared spcctrum of trimethylamine oxide hyclrochloride, (CI-I,),NO.HCI. 

significant differences froin those of the oxide and the dihydrate. True, the C-N and 
N-0 stretching frequencies are unchanged (939 and 950 cnl-1) contrary to expectation 
for an ionic compound. (In hydroxylamine (21), for instance, the N-0 frequency a t  
926 cm-I is shifted to 1000 cm-l in the hydrochloride.) fIowever, the appearance of new, 
strong bands, notably a t  1530 cin-I and around 2600 cnl-I, is certainly due to 01-1 vibra- 
tions of the [(CfI3)3NOfI]+ species. Very strong hydrogen bonds between that ion and 
the chloride anion must be responsible for the rather high 014 bending frequency and, 
correspondingly, for the low 01-1 stretching frequency. Rerat (6) has deduced an ionic 
structure for the hydrochloride on the basis of his X-ray data, particularly (a) the 
measured 0-C1 distance (2.94 A), which is definitely shorter than the sum of the van 
der Waals radii (3.2 A), and (b) the near tetrahedral (110.4") NOCl angle. Yet it should 
be pointed out that these features are equally compatible with a molecular structure 
since (a) there is no reason a priori why the over-all distance in 0-fI . . . C1 should be 
any different from that in 0 .  . . I-I-Cl and (b) hydrogen bonds have a tendency to beconle 
oriented along the direction of lone-pair orbitals (22). Thus sp3 hybridization of the 
oxygen orbitals could account as well for the observed NOCl angle. 
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On a e t u d i e  les spec t res  in f ra rouges  d e  l a  t r imi t thy laminoxyde ,  de soil h y d r a t e  e t  s o n  
c h l o r h y d r a t e  a f in  de d e t e r m i n e r  l a  n a t u r e  de ces compos6s. La f r e q u e n c e  d e s  v i b r a t i o n s  
N-0 (937 cm-I) et C-N (945 cm-I) p e r m e t  d 'kva luer  l a  l o n g u e u r  de c e s  l ia isons ?I 
1.44 A e t  1.50 respec t ivement  e n  b o n  accord avec les  rksu l ta t s  d ' k t u d e s  rCcentes par 
diffract ion des r a y o n s  X et d e s  e lectrons.  Le s p e c t r e  du d i h y d r a t e  i n d i q u e  qu ' i l  s'agit 
d ' u n  colnpos6 inoli.culaire, t a n d i s  q u e  l e  c h l o r h y d r a t e  e s t  tr6s p r o b a b l e m e n t  ionique.  
D a n s  ces d e u x  composi.s les  c h a r g e s  n o m i n a l e s  c o n d u i s e n t  5 d e s  liaisolls h y d r o g e n e  

par t icul i@rernent  fortes. 
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