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INFRARED SPECTROPHOTOMETRIC METHODS -1-
FOR THE ANALYSIS OF BLOOD LIPIDS
By

Norman K. Freeman

I. INTRODUCTION

 Among the'various.phyeical.and spectroecopic tocls.that have been adopted
by chemists in the last two decades, one of the most widely useful is infrared
spectroretry. It has a nunber of favorable attributes which have led to its
intrusion into almost all branches of chemistry,‘both theoretical and applied.
Perhaps the most fundamental of these attributes is the high content of infor-
mation about'moleculer structure that ie inherent in the infrared spectrum of
a substance. .The spectrum is a display of the frequencies of radiation that

are absorbed, and in the infrared these correspond to frequencies of internal

© vibration of the molecules. From a theoretical point of view, mathematical

analysis of the fibrational spectrum leads to a description"of the modes of
vibration,;and permits the establishment or verification of certain architec-
tural features of indifidual molecules.  In nbst aphlied or analytical usage
however, the‘infrarea spectrum is used empirically. That is to say-it»is one

of the-observable prOperties of a substance which may befcompared with the cor-

' respondlng established propertles of known substances as.an identification pro-

cedure. (Or the measurement of absorption 1ntensity at some selected spectral

p051t10n may be made the basis of a quantltatlve analysis.) 1In the so-called

flngerprlnt technlque one searches a collection of spectra of known compounds

to find a matching spectrum for that of the unknown; No knowledge or inter-
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pretation of the spectral content may be IQQUchQ in thls case, an
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process is often made the task‘of a machihe{or'computer. Although the finger-
print techﬁique is quite-general in principle; its successful application de-
pends somewhat on the richness and variability of spectral detail. Thés_'e quali-
ties do not characterize the spectra‘of the long-chain fatty acids and their "
derivétives, since the differences résulfing from'additiOnal méthylene groups ¢ .
qr‘doublé bbnds méy hot be eaéily perceptibie. Furtﬁermore, in.dealing with
.a limited:group of well-known lipid claéses, it sbon becomes possible to re-
cognize the'épecfral features of each class withoﬁt the neéessity bf search-
ing through a large file of reference'curves. For the presént purpose then
we will ha&e,no further cbncern with either ﬁhe_purely theoretical (mathemati-
cal) analysis of spectra or the purely empirical approach based on a Treference
catalog. General reference works on infraredvspgctféscopy ﬁay be conSultea for
baékground in those areas (1,2,3,4,5). |

- The spéctra that are presented and discussed in a later seétionvare‘those
of repreéentative type$ of . blood lipids. They dre iliustrative of the spectral
patternS'that are éncoﬁntéred, and in é limited éense they can_bé'regarded as
a feferenqe collection. However it is equally important tobconsider the signi—’
ficantiépecfral featgres whiéh are inﬁerpretable from.group correlations. Group
correlations are the estébliéhed characteristic frequenciés of'abéorption as- .
sociatédVWith.various_bond types, functional groups (hydroxyl; carbonyl, ether, |
 et¢.) or structural features (cis, trans isomers, rings, etc.). Knowledge of ’
thé‘charac#eristic frequencies of such groups-enablesubne to recbgnize thé spec-
tral indications of fhem, and thus to make valuable inferences ab@ut the chemi-
~cal stmctﬁre of a substance, even if a complete identification is not possible

from the spectrum alone. Condensed summaries.of group correlations are availabie
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in the form of tables or charts, the most widely distributed being that of
Colthup (6). Copies are obtainable from instrument manufacturers. Such

charts should be used with some caution, with due regard for the'complekity

"of the spectrum and for alternative assignments of a given absorption band.

A compiete‘and“detailed discussion of group frequencies has been given by
Bellamy (7,8).

V”FrOm ﬁhe point of view of structurel invesﬁigation, Chapran's treat@se.
on the Structdfe_of lipids (9) includes a thorough discussion of infrared
séectrometry as well as a number of other physieal and spectroscopic tools.
This valuable reference.work deals-extensively with baeic ph&sical properties
such as modes of vibration, molecular configuration, crystal fbrms; thermal
effects, etc. and their relationshipe'to spectroscopic observations.‘ Othef
re#iewe.of the infrared spectroscopy of lipids eye oy O'Connor (iO),

Schwarz (11,12), and.Ereeman (13;14). EEO'Co_vnnor‘s‘review-contains an exten-
sive table.ergroup freQuencies that are pertinent to lipid spectre, This
ﬁabie has also been repfoduced by Chapmah (9) .

In addition to the qualitative aspects of lipid spectra, we will be con-

cerned with their application to quantitative'analysis. Basically.the'same

spectrbphotoﬁetfic principles'hold asifor_measyremente in ﬁhe visiole and'
ultreviolet_regions. Hewever-differenee; in saﬁpling‘consideratieﬁs and tech-
nigques need ﬁo.be‘pointed out; The specific types of'bloed lipid analyses that
heve-beenfdone.and:may be done will be reviewed.b -

AThe igethodology" of infrared speptfométry is faifly »}éll establiéhed." After
aboutvthree decades it has reachedva plateau of develoPment where further in-

novations are infrequent. Commercial spectrophotometers and accessories are
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. availéble ih:éome variety; and our discuésions ofvsuch instruments will bé'
‘liﬁited. Factors bearing on’applibations will bevindiéated, with véry liftle
réference 1o optical principles or mechaniéal design'détails.  Modes of'sampie |
‘handling need moré-emphasis, ﬁowever, These techniques are quite'éénefal, and )
most 6f.thém are potentially useful in lipid work. .Some~—-such aé gas saméliﬁg,‘f
er‘example—— may be used véry.little.if at all;’others Will be gohsidered ac-
cording to their importance in lipid work. |
Much'of'the.information derived fox lipids in general is relevant to the

\blood lipids in particular. The latter are in fact limited to a fairly small
v.number.of‘cbmpbund'types;v Cholésterol, cholesteryl esters, glyceryl esters,
_and three principal kinds- of phospholipids ordinarily comprise more than 95%

of the lipidsrin‘bldod; jhesé majorliipids, together with the minqr liéid
cohsfiﬁuénté in blood and :a féw significant relatgd cOmpounds, will be the

fdcus of.attentién'in this chaptgr; ’The Epteht iévtd.prOVide a concisé pack-
age of infofﬁé;ionﬁbaSed on infrared.sbeétrometry'thatlié of practical interest .
fo the,lipid.qhgmist'whose work involvesAfheSe classes of compoupds.‘
' II. METHODS OF OBTAINING SPECTRA |

| A. .Instruments A
Thefinfrared spectrum of a substénce:is_represeﬁfed,asAthe éraphzgf ité '

transmittance (of radiation) vs. wavelength over some defined interval. Al-

<

though'the word infrared might imply any wavelength beyond the red end of the
visible spectrum, the range of most common interest extends from about 2.5 um 1
to about 16 pym. In frequency (reciprocal wavelength) units these limits cor-

~respond to 4000 em™’ and 625 em . This range includes most of the fundamental
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modes of molecular vibration of organic molecules. It is the most thoroughly

studied and documented; and except where otherwise specified it is the range

denoted by the‘term "infrared spectrum" throughout this article.

The specgral region lying between the visible limit and 2.5 um is usually
caliéd "near’iﬁfrared"; Absorption bands observe@rin this region are much
.weakér; siﬁcé fO{wthe mosflpﬁrt'they are overtones (haqmonics) or combinatioﬁs
of fundaméntal:freqﬁéncies. Experimentally, near infrared speétravafe obtained
by-apparatus and techniques more ﬁeariy.akin to visible range spectrometry.  Al-
ﬁhough they are generally'leés useful than infrared spectra of the fundarental
régioﬁ;'some'pOténtial applicatiohs in the lipid fieldihave been discussed by'
Holman et al. (15,16). | |
There are.inétruménts which'are.cépable of meaéuring spectra beyond. 16

wm and some distance into the far infrared, but thers is at present very little

i

o

of such data that is pertineﬁt to lipids and no further mention will be made oFf
it. . |
For ﬁheispectral ?éﬁge<;hatuhas beenvdesigpatédfaé-infréred,;theré is avail-
-able & variety of cdmmerciél_spéqtrophctometers.' Alth§ugh they caﬁ ve categori-
zed'aCCdrding to their cdmplekity,’versatility,'performanpe, or price,'they have
some common basic glemeﬁts wﬁich will be deséribed'briefly; These elements ars:
(l),ua source of radiation; |
(2)':a monochrémator;‘
(3) g;fadiatidn déﬁector; o IR
- (h)}'a'méasuring sysfém (vhich almost alwayé implies fecording of the .
| v#pecirum during a cpntinuous Scaﬁ),

. Another common Teature is the use of reflécting optics-—-front—surfacé mirrors —
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througﬁouf (ékcept for saméle célls; deﬁeétér window, certain filters,‘énd_of
. courseué:prism if one is used). Radiation‘sburCes are thermal, USualij a ni-
chromevﬁire.ér_non;metallié rod heafed by an eléctric cufrenf. The energy dis-

tribution has the approximate shape of a black-body curve, with its maximum

L

'soméWhere'hear‘the short wavelength (2 pm) end of the infrared range. As the

| ‘wavelehgth is increased the energy falls continuéuély, and it is down by a

) " T . : ) g : ) .
factor of about 100 at the long wavelength end. - To compensate for this decrease,

the SpeétrOmeter slits must be cofresbondingly widened sd that the évailable
energy remains adequateAfor measuremenﬁ. |

In the monochromator fﬁe f6Cused radiation from the source ;ntérs ﬁhrdugh
a siiﬁ, is collimatgd and then disbersed in‘space:byvé prism or a difffaéﬂion
grating.' The spéétrum thus.fofmed is refocused in thé plane of an exitbslii,
which allows fhe passage'bf only a.harrow wavelength:interval. The lécation,
of the emeréihg spectralvband ié_determined by thevgeometry of thé systen and
canﬂbe‘vafied OVer thé Whole'range.byIChaﬂginé the #nguléf'relationship bf the
prism.b? gféﬁing in thevmonochromafor._ The ﬁidth of the intefvél, vhich is
‘basically related to the resolution to be achie&ed, is'determiﬁedjby-fhe'dis-'-
peréing poWér of,the;piism or.gréting and by %he actua;‘élit‘width.'

The éutpuﬁ radiatiqq from the mbnochromgtof may be of.the'order of micro-
Qatts dr less, and a very sensitive thermal detector is fequired to measure it. ;
In most;éommercial‘épectrophotOmeters a rédiation thermocouple is used. Some -
less common detectors afe bolométers, pneumatic'detecfors and semicondué@or
"deviées;vthelatter.ﬁeing largély limited to special_pufpose instruments. In
 £he detécﬁor the incident energy is converted to an eléctrical_signal; which

1s amplified and used to drive the recording systemn.
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In order to facilitate continuous and autcmatic fecording of spectra,
tnere are some additienel features embodied in most infrared spectrophotometers.
A double beam system is ueually-employed, in which the source radiation is dir-
ected along two pathe; The sample is placed in one path and an appropriate re-
ference or blank in the other. The two beams are pulsed alternately into tne
monqchromator et a suitable frequency, and tne intensity in each beam.generates
.its own signal{'eIf they afe equal the tranemittance is recorded as 100% (ratio
of,semplevbean energy to reference beam energy is unity). IT tnere 1s excess

absorption in the sample beam the difference in intensities gives rise to an

(h
i3

altefnating signal in the deﬁector which (when ampli ied) causes a servo-sy

to adjust an ettenuator in the reference.beam to restore intensity valance.
Motion of the attenuator drives the recorder pen to a position on tae scale
corresponding to the absorption in the sample beam. If all other losses in
the sample neam (such as cell aosorOulon, solvent aosovocwo“, surface refiec-
tiqns,_scettering etc.) are suitably balanced out the value indicated oy the
pen is sampie transmittance. In recording a specirum ever the epecified range,
then,'thelyevelength is changed continuously by rotation of the grating (or
Liﬁtrbw_mirror in a pfism instrument). At the same time the slits are being
openea'to meintain aAconstant,order of background energy; and the recorder
chart is belnc synchronously drlven S0 tnat the abscissa corresponds to tne
wavelength (or frequency) belng passed by the monocnromator. The transmission
is meesured'continuously during the scan and recofded as the ordinate value

on the'chert. It should be p01nted out that the scanning speed may affect

the resultlng curve,'and in general it should be slow enough so that the re-

cordlng system has time to respond.
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.The rudimentary'outline'jﬁst given for an infrared spectrophotdmetef ap-
»plies to both simple and compiex'instruments.' In the'simplest>types the oper-
ating paraﬁeters (scanning speed, slit width.eehedule, amplifiér controls, etc.)
afe»presetifor:SOme/suitable average'set of conditions for obtaining spectra, "
and this may be adequate iﬁ ordiﬁary circumstances. In such an instrument opera=j:
tidnél eontrol>is'teduced‘to twoJor three switches. More versatile'(and expen-
sive) instruménts, on the other hand, prbvide for consideréble variebility in
call bperatihg.factors se that performance can be'optimizea for any given situva-

tion. ' Energy, resolution, scan speed, and noise level are all subject to some

(]
o

r en-
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degree of control. In addition, such instruments are expected to te bett
2
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gineered and!to be capable of more accuracy and precision in bot:
and intensity measurements.'

‘f It is an interesting coincidenca that'the most important part of tne fun-
damental'vibrétioh fegidn of the spectrum is nicely enCOmpassed by the sifec-
tive working rangevbf a sodium»dhloride prism. The earlieet spectrometers em~
ployed prismsrgut from natural crystals, and this spectfal interval beeaﬁe'
known.és'the‘”rocksalt" range. Development of the technolegy_for making'high-
.Quality.synthetic eryetals_iarge enough for piismsvwas one of the fectors-?hich
made COmmefcial infrared spéctfometers feaeible. For a 1553 time prisﬁ inetrt- B
ments were pfevalent, but in recent years the trend héev%een toward tne use of |
diffraction‘g;etings - once again as a result of teghno}ogical advance. The
most_bbvious superior characteristic of gratings 1s higher resolving power.
This is espeeially épparent et shorter va&elengths where sodiﬁm chloride re-

solution_ié;relatively poor. The adoption of gratings has been to some extent

accompanied by a tendency to record spectra on a scale that is linear-in frequency
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(cm-l)”rather than wavelength (um). In comparison with the linear wavelerguh
scale, the'lineer frequency scale expands the high frequency region and com-
éresses‘the lew fréquenéy region. It is thus more appropriate for the resolv-
ing power of the grating. | '

The instrumental requirements for applications in lipid chemistry are pro-
bably’interﬁediate on the scales of both complexity and.cost. Simple instruments
may be adequate for simple qualitative identification work, but some degree of
'flex1b111ty is de51rable to meet unusual sampling 51tuaulons, and for gua stise;
tive analysis. The resolving power of rhe grating can be of significant advan-
rage for certain-purposes, Whieh will be dlscussed later.

j_3. Sempling |

The general methods of sample handling arevapplicable tovlipids, excapt
tnat gas phase techniques may be safe lJ ignorad. Solﬁtidns may ve usa2d for
either'solids or liquids, but the number of uselul solvents is va rem ely‘liﬁited.
_The'spectre of’carbOn ﬁetrachloride, carbgn-&isulfide, and chloroferm.are shovs
UinvFig.'l."Reagent grade solvents are adequate fer‘ﬁost purQOSes, except that
thevsmalllémount of ethanol nermelly present in‘CHCl3 as a preservat; e should
be removed‘bj’passage through a s}liee'gel orhalﬁminavcolumn. It is evident
that in: each of the solvents there is at leesf-onelregion of the sgectrum
'that'is obseured by strosg solvent absorptioﬁ. Nevertheless,"ov taki ing part

.of the spectrum in CClh and part in.CS,. the' entire range can oe covered exceptA

2
for a short 1nterval between 6 um and T P where ooth solvenus absoru. Bromo-
form haswbeen suogested_as,a solven w1th wnlcn to brldge t t cao (lT) ,‘Sel-
vents whose molecules are more ‘complex Or more polar have eorresoondlncly

complex speCtra'and stronger absorption bands and dare of little utility.

(Water,-althQUgh a -simple molecule, is highly polar and absorigs intensely




-10-
obtained Qf'éubstaﬁgesvin water solutién. " This point'isvnot.espécially signifi-
cant in connecﬁioh3with lipids;'but.méy bé'pertinent to lipoproteins). In spite
éf'fhese'limitations, solutionsvare‘generally preferable for quantitative anQ

. alysis, and absorption'bands'to be,meaSured can usuélly be found elsewhere than
in regions 6f strong sblvenf‘absorption; MOsﬁ lipids, except some of the more
pplér ones, are sufficiéﬁtl& soiubie in the acceétable solvents. For qualita-

' ti#e.purp¢ées it mey often'bé desirable to avoid the usé of solvents{ and the

_techniqﬁéé'fof ligquid and so;id samples will bé oufiined. Theée procedures
(aré less‘cénvenient for:quantitaﬁive work, but can be so used for substanceé
which are not sufficiently soluble.

" Two types of absorption cells are used for liquids} The first type - called
deﬁ@untable-e-is.aSSembled.and disassembled for'eachbsampie. -The'tecﬁnique:isb
nevertheleés extreﬁely simple; A few drops of liquid_are_plaéed on a polished
‘salt (NaCl) plate; a similar plate is set on top fo form a ”sandwich”;'aﬁd the -
aSsémbly is.claméed lightly invé sditablé'frame to oe placed'in the spectro-
fphotbmetér. .In this instance ﬁhe thickness 6f thé liquid film’is'unkﬁown, and

:_controiled.onlf by thé'viscoéity of the liguid and thé tightness of clémpi“g.

it'ié sometimés called siﬁply é capillary film. If a thicker film is needed,

a spaéer in‘tﬁe form df a thin metal waéhér may be put'bétween the plétes; with

the séﬁple'in thé open ceﬂter. (For a mobile br volatile liquid, a spacer also
acts as ékseal. It is usually cut from leé@ foil, bu€ insoluble'plastic is |

. sometimes uséd.) The spacer determines the thickness ofbthe iiquid.layer, bu£

not preciSély enough for good quantitative work. Demountable cells- are aiso

. ayailéble in which the sample‘thickness is approximately determihed by. the deﬁfh'

of a shallow depression in one or both windows. Depending on the absorption
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properties of the substance, the requiréd thickness is usually in range 0.01-
0.05 mm. ~ | ‘ | -

The second type of liquid cell — also made with salt windows — is perma-
nently assembléd'and has a fixed thickness. This type is strongly‘preferred_for
quantitative analysis of either solutions or undilute& 1iquids.u In- the lgtfer
case'the path length is usually in the range indicated abo;e, vnereas for solu-

E]

tions the cells are usually thicker, ranging up to 1.0 mm or more. Thesewéells

‘have stopperéd'filling ports, and may be filled from a syringe or a dropper.

Some lipids have the consistency of a soft wax or grease, and these may
be.squeezed into a thin film between salt platés.. QOthers m3y ve too firm for
this procedure but will form a suitable film by évaporation offa solution to
drynéss on g salt plate. Still others tend to crystallize on,evaporaﬁioﬁ_and"
form layers that are particulaté and transmit pooriy becéuse of scattering. 
These may be dealt with by one or the othe; of two geheral methods for handling
solids. | |

In the KBr pellet method, a solid samplé is finely_ground'and uniformly

dispersed in dry KBr. The mixture is then pressed in a suitable die in a hydrau—
lic press to form avpellet. ‘Grinding and mixing can bé‘dqne with a mortar and .

* pestle, or insa mechanical device such as a dental amalgamatof.\ The die is

usually-evaéuated; and the pressure required is 80,000 - 100,000 lbs/sq in.
Equipmenﬁfiéfavailable from manufacturers of instruments and accessories. Pel-
lets ‘are commonly disk-shaped, but dies are also availablé for making them rec-

tangular. Blank disks can be made optically transparent, and'many_types of
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samples cahibe incorporated without significantiy,reducing theirAQuality.  Nu-
mérous factors, however, can cause the pfepared disks to exhibit some deg:ee.of
fogginé#s. If moderate, it may nop impair the usefulness of the disk,‘and the
observed\éffect on the spectrum is a éioéing background, with transmission fall-
,ing:as_the shorf'wavelength;limit is appréached. (Some>of the KBr pellet spectra&
of lipids in Séctipn 11T B'illpstrate this effect. An attenuator has beeﬁ used
in the refefencé beam instead.of a blank.) This‘background.phenomenon is a re- ,y
s;lt of séattering‘ICSS;vwhich can be more severe as the disk is whiter or chalkier.
In such a case tﬁe transmissién may be too low to obtain a spectrum at all. Some-
possible causes of poor disks are:

(l)_parti;le size’£oo large;
(2) non-uniform distribution of material ;
(3)»watér in sample;
(%) chemical or physical altération of the sample;
(5)'insufficient force on die; |
”(6) impure KBr;
_(T),vécugm not adequate.
Prepafed KBr — pure, dry, and of suitable particle size — is §btainébie Trom
commercial gﬁpplieré. It should be protected from exposure *to atmbsphefic molis-
ﬁuré,_and:Some pains may be taken to d?y it more exhaustively. Howéyer it i§~
_very.difficﬁlt to.aﬁoid traceé of ﬁater in the final pellet, as evidénced by thé.w
appearancé_of»two slight dips in the speétrum.at avout 3 um and 6.1 pﬁ. (See . p
Fig; 9)};_Other.than these a KBr blank should be free of absorption bands. The
pellet ﬁéﬁhbd has been Aiscussed critically and in detail by Fridmann (18).
'For some purposés freeze-drying is an attractive alternative rrocadure for_v
_ prep&ring a KBr-sample mixture. Since it evidently yields a molecular dispersion

that is essentially amorphous, it avoids such dizficulties as particle size effscts



in a mortar aﬁd dlsperse it as a paste or mull oy furt

-13-
and crystal polymorohlsm. The spectral characteristics of a freeze-dried com-
pound are somewnat 11ke those of the liquid staxe, whereas the spectra of cry—

stals (as prepared by grinding) tend to have sharper, more numerous, and more

discrete bands. This difference should be borne in mind (as well as the pos-

.sibility of polymorphismO'in‘connection with. the qualitative spectral identi-

fication ef selid'samples. 'Their solid-state spectra. should be compared only

with those of refegence compounds prepared in the same way. The freeze-drying

method can be recommended for quanpitative analysis”by'virtue of its reproduci-

bility, and alse becausejiﬁ ie a feasible technique-for nandling micro‘ameents
of material. "Such prdcedures.have been described‘in detail by Schwarz (12) for
tlssue lipids, and by Mason (19) who reeommend two. staces of lyophilizaticn for
substances (i. e., llplds) which are not water soluble; ‘

An older method of treatlng solids is to grind tne sample. to a fihe'powder

,

er grirding in a fzw drops

of whlte mineral 0oil. This mixture is then squeezed into a filn ocetwesen sali

plates. Operatlonally this procedure is extremely simple, andvfor'many quali-

tative purposes it is quite adequate. 0il obscures the regicns of absorption

¥y CH, and CH. groups, (hydrocarbon chains of lipids)‘bﬁﬂ supstantial and signi-

2 3

ficant portions of its spectrum are relatively transparent (ses Fig.Z ). As in

the case of undiluted liquids, quantitative analysis can only be done with the

use of an internal standard.

The'amount of sample required when standard instrumentetien and.cells are
used is ordinarily in the range 1 - 10 milligrams. Special cells and accsssories
are available for wdrking with quantities down to a few micrograms. The frrst’

requirement.inkmicrd‘sampling is to reduce the cross-sectional area occupied by




R
the sample, keepingithe thickness and conéentratibn the same. By bringing the
sample‘as near>as possiblé to the slit (or some other focal point),bits area
‘may be made comparable to the slit\dimenéions with little or no loss of energy.
Sampies well below a milligram can be handled in this way with suitable micro-

ceils or small rectangular-pellgts. Below about 100 11gm the reduced sample area
bgpomes substantially smaller than the minimm beanm area and a large ffactiOn
of the energy'is lost or masked out. In this range it ié therefqre necessary
to employ an'éuxiliary optical system, usually called é'beam condenser. Such
a device may be constructed with.gither ﬁransmitting or reflecting optics; and
it provides in the'sémplinglspace an'image of the source which 1s reduced in
dimensions by a faciOr of 1/3 to 1/6. The beam energy is thereby concentrated
in this Smaller area, and sﬁill smaller cells.or'pellets'can'be.used. Various
auxiliary systems of this>kiﬁd are provided by manufacturers of instruments and
accesSoriés.‘ Peilets as small as O;SIﬁm in diemeter can be rades. A micro techf
jni@ue of ﬁhis soft isvneeded'fbrvthe‘spectroscopic'examination of recoversd frac-
tions fme either gas-liquid or thin-léyer chromatography. |
-If gas.cthmatography fractions are to be examined by infrared‘spectro-
photOméfryj it is usually for fhe purpose of identification, since quaniita-
-tion will_ﬁave'been already dbne. ‘Depending on the amoﬁﬁt and volatility of the
- materi;l inuthélfraction, it may be collected in a simplé solvent trap or cold
trap aé,it.eméfges f:bm the chromatograph, and subsequeﬁtly trénsferred to a |
suitable abéorption éell, Direct collection 6f liguids in a microcell of one
.microlitér capacity is made possible by a special accessory (Barnes Engineering :
Co., Stamfofd, Conn.);' A'simple.trap for direct collectién in a KB? powder bed

has been describted (20) and commercial devices are available (Barnes Engineeriﬁg

i
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'noVel device for introducing small samples into KBr.is called the WICK-S

ITT. QUALITATIVE APPLICATIONS
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Co., supra; and Carle Instruments, Inc., Anaheim, Calif.). Both of the Tatter

- are designed so that the KBr is already in a die, ready for pressing a pellet

| immediately after the fraction is collected.-

In thin layer chromatography,”fractions are recovered by scraping or as-

.

pirafing the powder from the desired spot, extracting the lipid material with '

a -suitable solvent'and ineorpbrating it into a pellet in one of the usual pro-

cedures. (It has & been noted by Rouser et al. (21) that some solvent systems

can. soluolllze material from thln layer adsorbents and contaminate llpld eluates.

Such extraneous materlal can be removed by filtration throu~h a small Sephadex .

v column.) ' Various techniques have been described in the literature (22,23). A

,‘\r

(Harshaw Chemical Co., Cleveland; Ohio)._'Thisvis a'snall triangular pregressed

bed of KBr which is placed upright in a small vessel together with a solution

. TR L : S : .
_of the. sample. On evgporation of the solvent the sample concentrazes in the

upper tip of the triangle, which is then broken off and made into a pellet.

A.. Interoretation-of Infrared Spectra

Dependlng on the partlcular Droolem at hand tne lipid chemist may wish

to use the infrared soectrum to ldentlfy an 1solated oure conoound either

,speciflcally or as to type; or he may wish to characterlze mirtures witn re-

s

spect to .probable constituents; or he may wish to show the presencedr abserncé

" of some particular chemical group or structural featute. Specific identifica-

tion bringe into play the catalog of reference spectra for direct comparison.

' therwise'the'background information consists basically of the group correla-

tlons, which have been mentioned earlier. Before describing the lipid spectra



tem of coupled harmonic oscillators. As derived from Hooke's Law, the frequency
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in these terms; it is perhaps worthwhlle to dlscuss some general features of
1nfrared.spectra whlch gulde tge,approach to the;r'lnterpretatlon. The fol-
lowinglbrief'outline of thegé feaiures is tailoréd.to the understanding of
iipid sbectraé} For eiamble, the specfral characteristics of aromatic com~

pounds are not included. For a more extensive and detailed discussion of . - ¥

-charadteristic group absorptions see Refs. 7,8.

B o ‘ C ’ : '
For the purpose of "reading" an infrared spectrogram — in the sense of

assigning:Structural groﬁps to dbsérvéd absorption bands — it is helpful at

" the outset to realize that the infrared range can be subdivided according to

é broad classification of.vibrétional types. A'tabulat%on of these subinﬁer&als
ié,approximatelyvas follows: .
2.5 - 4.2 um.(MOOO'— 2400'cmfl): hydrogen stretching"vibratiéns
(o8, NH, CH, SH'bpr;ds)
4.2 - 6.5 um (2400 - 1550 cm-l): multiple.bond stretéhing vibrations

(c =q, ¢ §, ¢ =C, C= N, ¢ = 0)

-

6 - 16 um (1667 - 625 cm - ). nydrooen bendlng vibrations and single
(skeletal)
bond/stretchlnc Vloratlons (C - C, C - O, etc. )

The 0ccurrence of tne hydrogen strﬂtchlng vibrations at the algh fraquency

end of-the spectrum is a 1ogical consequence of con51der1ng a leecule as a sys-*S

.

of a'single,oscillétor is given as

= .J-_"E:
v = 2 I M

,whereﬁf is'thevreétoring force per unit displacement and M is the reduced mass.



@

W

-17-

of the system. If the oscillator is -a diatomic molecule, f is the force con-

stant of the bond between the atoms, and M is expressed as the product of the
individual atomic masses divided by their sum. When one of the two atoms is
hydrogen, the value of M is much smaller than in a molecule composed of two

heavier atoms; so for comparable force constants the vibration frequency is

higher. Substantially all of the significant hydrogen stretching frequencies

fall within the range indicated; and nearly all other vibraticns are excluded,
with the possible exception of weak overtones or combinations of lower fre-

quencies.

-y

n]

()]
1

All C-H bonds do not have the same single caaracterlsblﬂ stretching

[
3
()

qﬁency,:represenged in the absorption spectrum by a single peak. Rather th
is in the-spectrém of a (non-aromatic) hydrocarbon & pattern of absorption
bands that is determined principally by methylene (cﬁ?_), methyl (CH.), and
olefinic nydrogen (c = C—H) groups. In both CH, and CH3 groups the stretch-
ing vibrations cah be:symmetric or antisymmetric. Thus each group has two.
frequenéieé;.ana four bands would.be expected in the spectrum of a simple
lineéf:élkane; Thesezare.only partially resolvable hOWevef,.and in NaCL
prisﬁ”speCtra two peaks are observed at about 3.k gm‘aﬁd 3.5‘gm (2920 cm_-l

and 2860 Cmfl). The first is a‘comprite of the antisymmetricél viorations of
bdth'groups,.and the second ié'the'correspondihg mixturé of éjmﬂetriéal.vibra-
tions. Inva branched alkanevtheré is at least one_tertiary hydrogen (R3CH),
whose absdfption is reiati&elvbweak and also unresolvable. Stretching of a
hydrogen on a double- bonded carbon atom has a sllghtly nlcher 1r=quenc1, whlcn

is variable with double bond type: 3. 25 3.35 pm (3160-3000 cm ). The peak is

observable but still poorly resolved in the NaCl prism spectra of olefins.

mn S e v teve amd e e

s st s i
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Grating spectra show fairly good resolution of this peak.  Some other dis-

-—

tinguishable types of C-H bonds are acetylenicf.c = C-H (3.05 um,

and aldehydic: 0 = C-H (3.65 um, 2730_cm_l);

3300 emY)

The hydroxyl (0-H) stretchihg freguency is strongly influenced by hydro—

gen bonding. For a very dilute sclution in-a nonpolar solvent; where little .

or no hydrogen bonding takes.pldce, the absorption péak-is sharp,

2,75'pm'(36h0 cm-l). As the cdncentration (and hydrogen bonding)

at about

is increased

the peak broadens and 1nten51f1es, and 1ts position moves to longer wavelen ngtr

In the spectra of solid or undllutad liguid alcohols the band is quite br oau,'

- and its center is in the v1c1n'ty of" 3 0 um (3300 - 34CO cm )

similar to the O-H stretching band of liquid water. An extrems case of nydro-

gen bonding is found in carboxyl groups, which associate pairwise

dimers. In these structures the hydroxyl of each mating molecule.

bonded to the carbonyl group of the other. The strength of thesse

to form cyclic

is nydrogen

nydrogen.

bonds is such as to shift and broaden the absorption peak even more than in

alconols. The O-H’Stretching band of carvoxyl extends from about.

3 to 4 um

(3300 - 2500 cm_l) and is seen in the spectra of fatt by ‘acids as broad shoulders

on both sidés of the C-H stretching bands.

N-H stretching frequencies are very close to the O-H frequencies, and they

are similarly affected by hydrogen bohding, although not as strongly. Unas--

3100 em™). In the NH,,

sociated N-H groups absorb in the range 2.85 - 3.05 pm (3500 - 3300 cm'l).
~ When involved in hydrogen bonding, they absorb between 2.95 and 3.2 um (3400 -

groups of primary amines and amides, there are also

symmetric and antisymmetric stretching modes (just as in CHQ), giving rise’

N

to two distinct frequencies in these ranges. The presence of a positive cnarge

\4.!

hd



_system its frequency is lowered and its intensity of absorption is increased.
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on the mitrogen atom, as in amine’salts or amino acids, usu;lly has a further
compliCating’effect on the sPectrum; depending on the type of compound.- Quite
cdmmonly‘new“bands are observed at longer wavelengths, betweenl3.6 and 5 M
(2800'-'2000 cm-l); bﬁt_thé.possible effects are too varied to discuss in de-
tail here. | | |

The types of multiple bonds which are of some‘significancé in relation to

‘blood lipids areC = C and C =0. Triple bonds'probabiy do not occur in mam-

malian lipids, and their absorptions are well segregated in the spectrum below

"5 pm. The C = N double bond is also unlikely to be encountered, and can for

_the most'pért be disregarded. Its stretching frequency falls in approximately

the same narrow range as that of the C = C doublée bond — 5.95 to 6.15 um (1680 -

_ 1625 cm-;)..‘.

The‘C'=IC stretching absorption is in fact relatively weak. In methyl

-oleate (Fig.5 ) for example it appears to be about two orders of magnitude

‘weaker than the C = O band at 5.75 um-(lTHO.cm-l). This comparison illustrates

the dependerice of absorption intensity on the magnitude of the dipole morment

fluctuation which is associated with the vibrational motion of the atoms. The

C=0 bbnd'is strongly polarized, whereas the C = vaond.has a symmetrical

chargé,diStribution. If the C = C bond has cis configuration a small dipole

* can be geherated by stretching. If it is trans, the electrical symmetry'is

maintained during the vibration and there is no abso}ption band at all (see
methyl elaidate, Fig. 4 ). If the C = C double bond is part of a conjugated
The ‘carbonyl absorption band is an important feature of infrared spectra

generally ‘and of lipid spectra as a class. Because it is relatively free from



feets,'differences between liquid and solid state, etc., have also been investi-

- case of the stretching vibrations, these are best described as motions of

A . -20-
interference by other absorptions,‘it has been thoroughly studied, and its fre-

quenoy ranges estehlished for the various classes of carbonyl-containing com-

podnds: Such other spectroscopic aspeots_as-absolute intensities, solvent ef-

1540 cm-l). BRetween 5.4 and 5.95 um virtually no other groups absorb, so this

L L . : ‘
"is exclusively a carbonyl region. It includes most simple (or unconjugated)
. fatty ac1ds, este rs, ketones, aldehydes, anhvdrldes, and acid chlorldes.- Be-

'tween 5.95 and 6.5 um may be found the absorption bands of amides, some cohjuga—

ted'carbonyls,.and the carboxyl ion.. The most common non-carbonyl absoroers in

this range are C =.C (weak), conjugated C = C (including aromatic), primary -

'amines (NH“»bending), and organic nitrate.

ES

Patterns of aosorptlon in the thlrd spectral reglon (6 - 16 um, 667 -

625 cm” ) can be qulte complex, and for many - classes of molecules onlty Tew

of thevbands ooservea there can pe a551gned to group vlbratlons. Those for

which correlations are best established include hydrogen bending and certain

single bond stretching modes. Hydrogen bending implies deformation of bond

v angles by motions of the hydrogen atoms perpehdiculer to the bond directions.'

An example, the NH2 oroup, has a bendlng v1orat10n frequency at about. 1010 cm”

(6.2 unQ, and 1ts occurrence there is the pr1nc1pal reason that the bending

‘range overlaps the double bond reg;on.' The Cc-H bendlng modes, whwch are of

primary importance'in lipids, are distributed over a wide range. As in the

- CH, CHs; and C = C-H groups. -

*

"gated. All C = O absorptions occur within the limited range 5.4 - 6.5 um (1850

v
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linked by caibon-carbOn bonds,bits hydrogen atoms can execute four distinct

T -21-
If arCHé grqup*were_to'existdas”a detached ﬁoiecqle, it would have only
one bending mode — the angle deformation. As part of a chain of CH, groups

types-of'in—phase motions which can be'designeted as bending modes. These

are sketched as follows:

) s R owom Ta

\ 7/ N7 \ /. \ /
c R < < S
bending ' wagging © twisting rocking
(deformation)  T7.2-8.5 um © 7.7-8.55 um ©10-13.9 um

6.8 wm (1465 cm-;) "(;390-1180 cm'l) ~ (1300-1170 cm'l) -~ (1000-720 cm‘l)

A half-cycle of each vibration is shown by the directions of motion of the H

' atoms,'+'indicating upward from the plane of the page and - indicating down-

ward. The absorpﬁion band‘corresponding to the deformation mode appears aﬁ
abeutj6%8.um.(lh65 Cmbl) and is.a‘prominent feature.invthe_spectra of all
lqng-chein eempounds. The frequency of thie vibfation.is lowered in a methy-
lene group that is"adjaceht to a polar group or a double bond. .If the vo1ar.

group is a carbonyl (ester or fatty a01d), the band is at Tel um (1410 cm'l).

.ThlS is also the posxtlon of a weak carboxyl absorptlon. For a CH gro p

adgacent to a double bond the absorption is at 6.95 um (lh35 cm ) and tends
to be overlapped by the main CH2 band. | N
In theory, if a hydrocarbon chain is in the fully extended, planar zig-
zag form, the frequencies of the other bending v1bratlons occur as sequences
dlstributed over a con51derable spectral range. ThlS is a result of inter-

action between the methylene groups, and involves the phase relationships

ambng the individual'methylene motions along the chain. The spectra of



teraction among methylene groups is not definable.) A prominent characteristic
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long-chain compounds in the crystalline state show such band sequences, whereas
thoSe of liguids do not. (It is pfesumed fhat in'the liquid state, the chains
are not constrained to the planar zig~-zag conformation, and the collective in-
of the spectra of solid fatty acids and their esters is the "band progressioh” :

between about T.2 and 8.5 um (1390-ll8o'cm_l). These band sequences in satura-

ted straight-chain acids were analyzed by Jones et al. (2L4) and by Meiklejohn

et §£.>(2§), ﬁho ﬁiﬂimized band interference by using fatty acid soaps. As n-
(thé'nﬁmber Qf methyién¢ groups) increases, the spacing between bands”deéreases,
and there arérapﬁroximately 2/2 bands in the interval. The bands have been as-
signed aé the methylene wagging modés? and in liquid or solution spéctfa they
degenerate into a single weak béﬁd in the vieinity of.7.7 fm (1300'cm'l). in
lipids this band is often overlapped by stronger abéorptions and is not readily
discernible. vThé twisting modes are believed to,dcctf iﬁ the saﬁe'general‘fre-
quéncy range as the wagging modes. They are evidently weaker; their identi-
fication'and assignmént have.not been compleﬁely feliable; and theybhave little
practical significance. |

:_ Ihé rocking modes form & series whose long wavelength limit is at 13.9 im
(720 ém_l),‘ In some instances other bands of the series can 5e identified,
butvusually it is only thé 13.9 um peak that is oﬁservéd. For very short ciains
(< b methyleﬁes).the band is shifted to shorter wavelengths: 13.5 um (74O cm-l)
for propyl side”chains and 12.9 um (775 cmfl) for ethyl side chainé. Another
. rocking frequency is

2

its splitting into a doublet in certain crystalline forms. This has been at-

very significant observation in connection with the CH

tributed to interaction between methylene groups of adjacent chains which is
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permitted only in a particular orientation.

A methyl group can.have a bénding vibrdtion that is symmetrical, in which
all three hydfégens move inward and outward (with respect to the axis) in phase;
or antisymmetfiéal, in Which one hydrogen moves iﬁward while the other two
move apart. The latter mode has 'a frequency very cl@se to.that of the methy-
lene deformation, and uédally appears as an unreséived shoulder (6.85 (i,

1460 cm-l) on the long wavelength side of the 6.8 um (1465 cm ) peek. The

symmetrical vibration of CH hasva characteristic band at T7.25 um (1375 cm-l),

| 3 | |

nicely separated from the other alkane absorptions. Whenever two metnyl groups
are attached‘to the same garbon atom; their interaction results.in'a splittin
of this band into a dqﬁblet; This is a useful diagnostic feature in relation
£0 chain branching.

The bending vibrations of hydrogen on a doublejbohdea carbon atom can

1

be classified as planar or nonplanar with respect to the C = CHR plane. Ab-
sorptions attributable to planar motions occur in the rather narrow ranzs
e ‘ » -1 o . e . :
7.05-7.15 um (1420-1400 cm ~). The band is only strong when the structure
2

are concerned. For RHC = CHR (cis) the absorption is weak or wmoderate; ard

is RC = CH2, which‘ocgurs inffequéntly in the typeé of lipids wiﬁh which we
for RHC =_CHR (trans) it is zero (forbidden by symetry) . Since in fatty
acids and theiriderivatives the Ci-methylene group apsorbs at the éame wave -
‘length these Bands‘afe noﬁ likely to be very useful.

The out-of-plane bending'vibraﬁions of olefinic bydfogen, on the other

hand, are quite distinctive for each configuration. For unconjugated double




to coupling interactions. This leads to a series of bands, just as for the

-2k~

" bonds the structural correlation'is:as follows:

RHC = CH2 S lOI.l;:pm, 11.0 um (990 C.m-fl; 910 em™TY’
TRC =CH, o 11. 25 um (890 cm™l)
CRHC = CHR (trams) = 10.35 um (965 cu’l)
' RHC = CHR (cis) N o~ 14.25 om (.Vfrdo 'cm‘_l)'
‘ __Rizc =CclR 11.9;12'._5- um (840-800 Qm_l)

The first_three types listed give stroﬁg, sharp, specific bands. ‘The cis
double bond absorption is broader, less well defined, and it overlaps the

CH.

2.‘rocking absorption at T20'dm_;. The band for trialkylethylene is of

. only moderate intensity, also orcad and more variable in position. Although

‘these correlations do not apply to conjugated double bond systems, furtaer

distinctions of those structurss can be made (23).

nd

o)

The principal single bond stretcning vibrations in lipiés are C-C

)

suvject -

¢4}
¢

C-0. The C-C bonds are mostly links in long elkyl chains and ar
coupled methylene group vibraﬁions of long chains. Theoretically the C-C |
stretChing‘seQuence falls in the range between'about 8.7 pm and 11.5 um (1150-

870 cm-l)Q The number of vibrational modes is equal to the number of C-C

" bonds, but only some of these are active (allowed by éymmetry) in the infré-‘

- red. Because the dipole moments generated by these motions are very small,

‘absorption is very weak and the bands are difficult to identify — especially
in the lohger chains. ©Since the C-C bands can also be easily obscured or
confused with other absorptions in the spectra of non-hydrocarvons, they are-

of no practical utility in the interpretation of lipid spectra.

&
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The ester group is a coﬁmqn'feathre of lipids; and its C-0 stretching vi-
brétions‘are responsible for pfbminehflabso?ptiOn bands in the range 8-10 um
(l2SO-lOOO‘cm—l).~ Usuallj a strong band is observed between O um and 8.7 um
(1250-1150 cmfl) and a wesker one between 8.7 um and iO um,(lISO—lboo.ém ).
In theAspecfra of acetates the strong band is characﬁeristicaily near 8;05 um
(1245 cm_l),band its p051t10n is relatively independent of thé remainder of
the molecule. This absorption.is believed tovbe associated with tne C-C oond

nearest the carbonyl (althoucn the two C-0 bonds are coupTod through tne oxygen

B3

6!
()
O]
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atom and the vibrations must interact). For lar

this band moves to longer wavelengihs and in lipid spectra it is in zhe
of 8.6 um (1165 cm
tween 9.45 and 10 um (1060-1000 cm ). "It is poorly chnaractsrized, nowsvar,

"and its identification is unceriain in mény sster spsotra.

[
(6%
@]
ck

The C-O stretching vidration of alcchols nas z wavelength range from !

&Y

8.5 pm to iO]pm.(ll?S—lOOO cm_l). In simple noncyclic saturatsd alcozols

e

frequency correlation exists for primary, secondary, and tertiary st

' . - . ', .. I=dat -'l / 1A ]

Their absorptions occur at about 9.5 um (1050 em ~), 9.0 um (1110 ox
3 -1, o N v e

6.75 um (1140 cm ~) respectively. Allylic alconols have 2 vard at about 5.9 ux

(1010 cm —). Cholesterol is a cyclic secondary alcchol and does not conform

orn.

e

to that correlation, but has a C-0 absorption =at the‘primary alconol posit

In’Simple oatu“aued ethers the .C-0- C vroup ao orbs stron 1gly in tae vicin-
N .
ity of 9. O Hm (1110 cm ). This characteristic band position is shiftad ©
. -1, . i .
about 8.35 pm (1200 cm ) in vinyl ethers, so that it may be difficult to

distinguish if ester groups are also present.



'The phospholipids were stated to be 96-53% pure, other

rough estimates on the basis of

"mal linear frequency scale is contracted by a factor of two between 4300 cm

wavelength scale and are visually more nearly comparable with prism spectra

The various. phospholipids are phosphate diesters. Strong absorptions of

. . . o . ' o -1
this structure are the P=0 stretching band at about 8.1 - 8.3 um (1235-1215 cn )

and bands attributable to P-0-C stretching between 9 pm and 9.5 pm (1100-1050 cm ).

The P=O.frequenéy falls outside the rangevdesignated for double vonds because

" of the larger mass of £hé P atom relative to carbon.- The P—O—C bands are close

to_thé'CéO absofptions of alcohols and ethérs, and if a band of either of the
latter groups is present it may be overlapped or obscured by the phosphate spec-
trum. ' s

B. Spectra of Lipid Types

Figs. 3 to 12 are the spectra of lipidrcompounds whicn are of intérest-in
the study of blood lipids. They nave been cnossn to b; representétive or the.
various lipid clééses, and to'illﬁstrate their spezctral characteristics., Dif-
fefences between solid-state and liguid or solutioh spectra ars also exemplified.
Most of thé compounds wére obtained f:om'comme;cial suppliefs, as deSigiated.

ipids at least 99.

ct

l.—l

/
N

Purities were not verified, but wherever possible the spectra were checked

against known or previously published curves. Film thicknessss quoted are

<

cand intensitiss.
The spectra were recorded on a Perkin-Zlwer Model L21 double-team, filter-

grating spectrophotometer. A scale caange mode was employed, in which the nor-
: ‘ -3

-1

and 2000 cm-l, and expanded by a factor of two between 2000 cm-l and 625 co .

The resulting curves resemple more closely the spectra recorded on a linear

.

that appear in most of the earlier literature. Expansion of the low frequency
range can-also be rationalized on the basis that this region contains the ab-

: PRI o RN} . 2 PRI JRRUR e I PRI - -
sorption patterns of princinal gualitaiive significance. . P2latively low ra-

PR B . PIUCH IR S ey L HEE SN - PN
solubion conditions (sLlit promas = L1000 =« 2 wars usad, vut the



between 2O‘OO'Z<‘:m-l and 625 cm‘l, and 20 Cmfl bétween 4000 cm-l‘and 2000 cm .
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resolution in the C-H stfetching regibn (3_3,_ 3.6 pm) is;significantly better
than NaCl priém resolutién. (This would be more clearly shown if the scale
were not compressed in this region}) -

Normélly the‘recorded curve éxhibits transient spikes at ffequencies
where the.filter or grating is automatically changed (2500 cm-l, 2600 cm-l,
1580'cﬁ-;,’990'cmyl). These spikes have been deleted, in some cases by raising
the pen qff'thé paper momentarily during recording, otherwise at the stage of
ph&tbgraphihg the oiiginal curves. This is noted ohly'to'explaih ah'occasional
irregqlarity'in the curve'at one of these frequencies. Such irregularities
are of.little cohsequence except at 990 cm_l, where the recévery time from

the transient is especially slow and the curve itself is apt to be changing

v'more rapidly. In some spectra there may_Be a slight distortion of the curve

~ at that point.

- The curves were recorded directly on small charts (9 cm x 18.75 cm) for
convenience in reproduction. There is some lo0ss in accuracy in this procedure,

but the cufves are believed to be correct within 5 cm-l on the frequency scale
' 1

‘These limits are comparable to reading errors on the reduced scales, and are

probably adequate for most qualitative comparisons. vMoStAof ﬁhe wavelengths

.v(fréQuéncies),Quoted in the text are approximate. Allowances must be made for

the broadness of some bands, for variations in the calibration of different
instruments,_and for fluctuation among values taken from the. literature. There

may also be small differences between liquid and solid states, and in solvents

of different polarity.

In the solution spectra, regions of total absorption by the solvent have

been omitted. Wheie there are other strong solvent bands (e.g., ~8 pm and

~s10 um_ip CClu)thé reduced -onergy may cause slight blurring of tie speétra.
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C. Useful Features ovaipid Spectra. =

| Theumost significant group»correlatidné_thatvare relevant to lipid spectra
‘have been discussed in a general way in part A>of this sedtién. It may be pro-
fitable now to pinpoint some of the specific spectral charaéteristics that are )
most useful in the qualitative analysis.ofvlipids. Aside from the identificé- Y
tion ofva lipid by simple recognition of its oVerall spectral pattern, various
structural questioné may be put regarding double bonds, chain length, branch-‘
ing, ester type, etc. The spectrum provides answeré of varying degrees of com-
pleténess, dééénding in part on whether the sample is an isolatsd pure compound,
a mixture of homologues, Qf a mixture of classes."The basic infofmation is to
bé found in the épprépriate group cqrrelations;v Moreover these correlations
can be_befﬁer defined for‘the limited set of lipid cbmpoundé if the reference
spegtra of pure lipids are examihed agaiﬁst them as a bapkground. Thefe are
some features iﬁ the spectra which distinguish various claéses of lipids from
one anéthef. Othef feafures persist through all or mgst of the classes be-
cause they ére'associated'with the hydrdcafbon chain moieties.

The fatty:acids_have some ﬁnuéual absorptién bahds that are aftributable
“to £heir dimérize& étructure; ‘One of these is the absorptioﬁ of the strongly
hydrogen bonded'hydfoxyl of the COOH_group. This is a broad band extending | -
from about 3 to k4 pm (3300 - 2500 cm_l); and appears id the spectrunm (e.g;,
Fig. 3_) as broad shoulders on both sides of the sharper C-H stretching bands.
The.hydroxyl hydrogens — because they are constrained in ﬁhe ring structure
formed by the:dimer~—jcah also oscillate in a direction perpendicular to the
plane of the fing. This non-planar bending mode 1is requnsible for a char-

acteristic fatty acid absorption at about 10.T7 um (935 cm_l). The C = 0
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stretching frequency for the dimerized form in solution is observed at about

" 5. 85 um (lYlO cm-l)"'At.highfdllution, however, a band of the monomer may

also appear 2t a higher frequency (ca l760 em ) The spectrum of a soap -

" has not been shown, but ionization of the carboxyl group shifts the carbonyl

absorption into the range 6.2 - 6.45 um (1610-1550 cm ).» This band is quite
strong.

‘ Fatty acids in unesterified form are normally present in blood as a very

small percentage of the total lipid. Consequently they are not detected spec-

'trOScopicallyvunless'they are isolated — or an enriched fraction is obtained —

by ~some separation procedure.' If tne free fatty acid level in serum is elevated

- pathologlcally, or by lipid degradation durlng long periods of storace, it may

.become manlfested in the total llpld spectrun as a shoulder .on the side of the

ester%bandl
' With few exceptions, viz., fatty acids, cholesterol, and sphingolipids,
the major lipid constituents in blood are esters. “If is therefore important

to know how the characterwstlc absorptlon bands of ‘he ester ZToup vary from

' one'type to_another. The pea& frequen01es of tne C =0 band and the major

C-0-C band in solution spectra of the significant 1ipid classes are listed in

‘Tablez31 . lDatazfor fatty acids and ﬁethyljeSters are also included. Altﬁough,
.1methyl esters_are net. normélkconstituents in bloOd they are‘a convenlent de-

’rlvatlve form, almost universally used for gas chromatosraphy. Since- they

are also useful for other analjtlcal ouxooses, some representa ive methyl,“
ester spectra have been shown”in the preVious.section'(Figs. M‘S)
1s noteworthy that the carbonyl frequenc1es are measurablv dlfferent for the

various ester types in blood. In tne spectrum of a total llold extraco from



compound (cf. trloleln, Flg. 7 and cholesteryl palmltate, Fig. 8)

'anélength region of the'spectrum, TheﬂfiVé methyl groups of cholesterol

enhance the T 25 um (1380 cm ) absorptlon in comparlson with stralght ~-chain

-

compounds. " The intensity of this band can be Judged in relatlon to the 6.85 Mo

(1465 cm ) band, which on a mass ba51s is about the same for the two types of

It may be noted that there is con51derable detall in the "flngerprint
region (beyond 7.5 u) of the’cholesterol spectrum, and it is v1rtually the
same for solid and soluﬁion. This is in contresf to the straight-chain com-

pounds, whose spectra as solids contain numerous sharp bands that are absent

from theireéolution‘spectra. This difference can be explained on the basis

of the figidity.imparted to the cholesterol molecule by its condensed-ring

structure. Thus its configuration does not change appreciably on going into

solution and its relatively complex spectral pattern isvretained. On the

other hand, straight-chain compounds, wnich exist in the crystal as extended

planar zigzag chains, undergo deformations in solution (or liquid state) as a

result of internal rotations, with a consequent loss of spectral detail.

The 1nfrared spectra of numerous paOSpﬂOllpldS appear in the work of

Rouser et al (29) ‘in connection with brain 1ipid studies. Nelson has pre-

sented spectra of phospholipids isolated from plasma and red cells of various‘epE—
cies (30,31), and pointed out some of the eharacteriétic spectral features
.(32). The phospholipids as a class ha&e in common the phosphate ester group,
thiCh is characterized in their sbectra by a strong P = Q abeorption band at
8.1 - 8.3 um (1235-1215 cm'l) and a P-0-C band of about equivalent intensity
between 9 and 9.5 um (1100-1050 cm-l). These two absorptions.are the dominanti‘e

features which distinguish phospholipids from the other lipids. Cerebrosides
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absorb étrongly'between 9 and 10 pm (1100-1000 cm—l) because of their. C-0O(H)

groups; bﬁt»they canbbe distinguished from phospholipids by'the absence‘ef a
=0 bénd in theif'speetre. | |
Within the phespholipid class, those which contain the glyceryl ester
moiety show carbonyl absorption at about 5. 76 {m (1737 em 1). The .spectra
of sphingolipids, which do not have carboxylic ester groups, are character-
ized instead by the distinctive bands of N-monosubstituted amides a%t about
6.1 um (l6h0_cm—ry and 6.45 Qm (1550 cm-l)(Fig. 11). Tﬁe presence of choline
‘in_the molecﬁle is empirically aesociated with a sharp band of moderate in-
tenSity at 10. 35 wn(905 e~ ) The bond origin of this band is ndt xnown,
but it may be a C N Vibration which has gained intensity f;o the eherge on
the nitrogen atom. There is no absorption band at this peint invthe spacirs
of phosphatidyl ethanola.,mine. (Fig. 11), cardioiipin' (Figv. 12), or phos_oﬁa-
o tidyl éeriné (Fig.-lZ), andvit hes also been shown te_be absent from the'
.snectvum of N, N-Aimevudlph0501at;aJl euianolamine \32) In phospholipii
mixtures_the 905 cm -1 band provides a p051tive means of detecting the pre-
sence_o{ieholine-containing species, out there is no eorresponaing oand for
“’_the etﬁanoiemine group. Indeed, except for indicatione;of choliﬁe and the
amide_grpgg, the epectfa efvphospholipide ere SO similar thet minor coﬁpon-
"; ents eannot be detected in mixtdres.- The curve of lysolecithin reserxbles
-vtnat.of iec1thin etcept that the ester carbonyl eand is somewhat weaxe* re-
» lative to the phosphate absorptions.. The ratio should be “eduﬂed by half,
v'but thie'ié'hdt obvious.in the film spectra-shown. The sam.e'considerationq
."apply to the spectra of olasmalogen and ohospnatidjl ethanoiamine (Fig 11).
About TO% of the phosphoiipids in. human plasma are pnospha idyl cnolin

= I~

- and about ”O% are sphingomyelin, the remaining 10% oeingvcowposed mostly of

By
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V phosghatidyl ethanolamine ahd.lysolecithin.. Both major components contain
‘_choline;and'this is.reflected in the spectrum of the total pho§pholi§id mix-
ture by the presence of a prominent 965 cm-l band.  The relative proportions
of:lecithin:and sphingomyelin.can be judged from the intensities of,ﬁhe éstef
and amide carbonyl bands, bearing in mind that their absorptivitigs are not
ééual. As indicated above, the minor constituents cannot be identifiéd'withe*
out‘prior isolation. Althouéh phosphatidyl ethanolamine is a‘more prominent
cohsfituent in erythrocyte phospholipids (31) and the plgémavphospholipidé of
some spéciés:(3b), this»is only revealed indirectly by a relatively less in-
tense 965’qm-l’band. |

Inrthé spectrum of phosphatidyl serine (Fig.12 ) there is a band of
éigﬁificanp intensity at about 6.05 pm (1655 cm-l) whose origin_is not en-
tirely clear. Kimura and Nagei (33) studied the spectra of tﬁis compound
- in various forms‘andvobserved that the band is absent in the meﬁal-free form.
. When théy'prépared monosédium and'disodiumbsalts however; bands reappeared at
1645 cmf;lapd 1610 cmfl respectively. The latter band:is.quite oroad, and |
more ngafly at'the expected COO~ position. Thus while the absorption-aLpears 
to be,related to the ibnized carboxyl —group, the fréquéncy is shifted out Qf
tﬁe-nbfmﬁl'fange, possibly as a consequence of some complex interaction among
vlioniZed gfoupsf | | | |

vThe‘présence of absorption bands at about 3 um (3300 cm’l)_and 6.1 um
(l640‘cm-l) in the spectrum of lecithin is best accounted for by bound water.
These banas'appear in the spectra of both natural and synthetic lecithins,

but their intensities may vary with treatment.
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The separatlon and identification of individual fatty ac1ds by gas
'chromatography has largely preempted this area of lipid characterlzatlon.
Nevertheless it 1s pertinent to 1nd1cate some of the‘speetral manlfestatlons
of fatty.ecid chain ssructsie; Most of these persist through the_spectra of
the various lipid classes and are‘thus independent of lipid type;v For example
the spectra shown of palmltlc acid and 1ts various esters in the solid state
all exhlblt the same characterlstlc band progre551ons between 7.2 um and 8. 5 um
(;390-1180)cm- )._ In an isolated spec1es the chain length can be determined
fron these bands (25).
| SomE”ebsprtions releﬁed to double bond strﬁctures.havebbeen.discussed ’
in:Section III‘A. Iﬁ blood lipids the double bonds are eiﬁost exclusively
of the'gii unconjugated type.' The bands'attributaele to cis unsaturation
may be seen nost easil&’in the spectra of methyl esters (Figs. 4,5). . In-
creasinv iﬂ'infens4tv.with the number of doutle bonds, they are: —C-W streuc;,
3.3 um (3020 em ), C=C stretch 6.05 um (16%0 et ); C=C-H planar Bending,
7.1 um (lth cm ), C=C-H nonolanar bendlub, 14,2 um (Tdéycm-l)}e'in addition,
thereiis a ehange_in the pattern of ;he-methylene bending bands.  The decrease
- in the nﬁﬁber of methylene éroupsfisvrefleeted oy a weaker 6.8 um (1465 cm-l)
bahd, whiie ﬁhe 6.95 um (lh35 cm'l) band becomes stronger beceuse_more of the
'methylene groups are adéacent to doub;e bonds. These effects are not very
pronduﬁeed.at low‘levels of'unsaturetieﬁg but at hiéher ieﬁels they should be
detectable in- spectra of any of the llpld classes.
Of the other double bond conflguraulons only the trans iSomers are of

’

_lsignificanee in relation to blood lipids. They are-present chiefly as a result
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of ingést,i’on,'of hydrOge‘nate’d fafs (er in -rﬁmina‘nts_ by ba'cteriial action in the
rumen) . Detection is by means of the 10.35 um (965'cm—l) band in all elasses
- except phosphollolds, whlch have an 1nterfer1ng vand. For thie class, detection

is made possible by conversion to methyl esters. Methanolysis is also helpful
in fetty acids and cholesteryl esters wheﬁ ehe leVel of‘trans isomers ie‘very‘
low. |
Branching inﬁ?atty acid.chains is of secondary intefest in blood lipids,‘

~although some.gas chromatographicyinvestigetions have suggested the presance

of trace ambuntsf Spectrai'indications_of:branching have been deecribed oy
Freeman (34),_end more exteﬁsive and detailed studies of branchad-chain acids
were_made by Fischmeister (35,36). Branching'incfeases the proportion of methyl
groups,vwhich'results in‘an increase in the intensity of the methyl cand at

7.25 um (lBTS‘cm-l). If the branching is such that there are wo methyl grou;s
on the same carbon atom thisvband-is split into a doublet. There ars crharacier-
istic bahds for ethyl broups (12.9 um, 775 cm’ ) aﬁd‘propyl groues (13.5 .o,

740 cm” ) at the dlstal end of the chain. Bran011ng heer the carbOXflvgro:p
‘results 1n alteratlon of the oattern of the bands po;mailvwaooeerlng at 7.0 uz

(1285 cm ) and 8 1 um (1235.cm” )

D.. Lipoproteins

There are two aspects to the studvAof lipooroteinsby infrared spectrcscopy.

One has to do with the intact llboprotelns and the qualltatlve 1nforﬁaulon that
can be derlved from their spectra. The other relates to the determination of
their lipid.compositions by the use of infrared analytical methods.

The_sbectra of serum'lipoproteins as dried films on AgCl plates have been

reported (37). Examples of those of high-density (HDL) and low-density (IDL)

-~



classes are shown in Fig. 13. A spectrum of egg lipoprotein (Fig. 14 Ab, from
ref. 37) is virtually identical with that of the very low-density (VIDL) class
from serum. (Thase three major classes are defined by their behaviocr in the
ultracentrifuge under specified conditions. See Chapter ~.) The principal
_ ‘ - ' !
protein bands are those of the peptide (H-N-C=0) group. The N-H stretching
absorption appears at about 3 um (3300 cnm ), the carbonyl stretching at adout
6 : ’ : -l . : I ‘ "l N . o
.05 um (1650 cm ~); and the 6.45 um (1550 cm ~) band arises from a complex
vibrational mode of which N-H bending is a major component. The remaining
bands aré identifiable with lipid absorptions, and their chemical structure
assignments are as shown in the spectrum of serum lipid extract (Figz. 18).
-1 . -1 . o . o Ak a
The 1650 cm ~ and 1550 cm ~ protein bands have been cormonly desiznatad
as Amide I and Amide II bands, respectively. Their use in ths int=rprsziation
of protein structure goes back to the work of Amdbrose and Zlliott (32), who
observed different band positions for "folded-chain” (Q) and "extendai-chain
(B) structures in the spectra of protein films. (The G-helix model ned nob
vet been advanced.) Theoretical considerations of the manrer in which the

amide group vibrations are affected by chain structurs have been discussa2d by

[

fo}

[
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Miyazawa and Blout (39). More recently the frequency cdrrelations nav

examined for proteins in D0 solution by Susi et al. (LO,41). They nave given

s

the following peek positions for'the Amide‘I band in vafious structures: randcn

coil, 16LO cmfl; G-helix, 1650 Cm-l5v5 (pleated sheet), 1625 en™l. In addition

3
-1

the antiparallel form of the B-structure has a weaker band at about 1630 cm
by which its pfesence can sometimes be recognized.
The: spectrum of low-density serum lipoprotein in DQO solution has been

studied by Gotto et al. (42). They observed a complex band with its princiopal
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maximum at 1625 - l630.Cmfl, ihdicatingva_éubstantial proportion of B-structure.
A distinct shoulder_atli6h0 cm-l‘éuggested the presence of somé random coil, and
another at 1680 - 1685 Cm-l implied that the B-structure is at least partly in
the antiparallel form. A less well-defined shoulder was seen at 1650 cm—l, in~ )
dicating the possibility of some O-helix content. On addition bf sodium decyl -
sglfaté the B-peaks bbth disappeared, and the principal.maximum shifted to 1650 cm-l,
" the pbsition_chafaéteristié ofzu1d-helix. A shoulder at 1640 cm™* (rendom coil)

" remained.
The dried fiim spectra (Fig. 13) do not necessarily ieflect'properties of

the native state of lipoproteins. 1In the LDL spéctrum_there'appear to be two

s s , - =1 -1 . - S
distinct peaks at about 1660 cm ~ and 1625 cm .. The latter corresponds to ths
2

\

frequencies are slightly higher in the solid state than in solution. In the
bt <] - / :

principai absoprtion maximum in D.O solution; attributed to B-structure. {(Amide I
HDL spectrum however, only oné absorption maximun ié observed in the Amide T
regioﬁ at éboﬁt 1650 -_1660‘cm-l.b Thinner films do hot\reveal‘épy other ovesks,
and l65Q_cﬁfl‘was reported for this frequencj in ‘a KBrlpeilet ?reparation by
Scanu and‘Granda (h3),v This‘band is broad, and may be taken to indicate either
O-helix or random.coil strucfure, or a mixture of the twq;. Scanu and Granda
also conclddeq from circular dichroism measurements ﬁhat_high;densit; lipoprotein.
'contaihs § higher percentage (~T0%) of O-helix thaﬂ doe’s the loti-density élasé
(~10%). - |
| The.infrared specﬁra of erythrocyte membranes in the form of dried films
have been investigated by Maddy and Malcolm (Ah) and. by Chapman et al (%,).
Exéept for felatively'less inﬁense lipid bands these spectra bear coﬁéiderable

resemblance to the spectra of HDL from serum. Differences in lipid composition,
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and also the pfesence of a carbohydrate moiety, are responéible for small d4if-
ferences in the pattern beyond 8 um (<_1250 cm-l). The'Ahide I pand appeérs
at 1660 Cm-l (44) or 1652 cm-l (45), and no indications of B-structure are‘
seen. Removal of the lipid by. treatment with E-butanbl does not altér the
Amide I band, but heating with 50% ethanol at T0°C for»three minutes results 
in the appearance of a second peak at about 1630 cm-l. The spectrum in @hé'
amide region then resembles tgét of IDL (Fig. 13). The doublet peak, indicat-
ing partiél,transformatibn to P-structure, was alsoc obsérved-by Chap;an éﬁ al.
in'the spéctra of erythrocyte membranses after jfeatment with varibus solvents.
However 1t did not appear as a consesquence of te:geratufe change aloné (-110° to
+ 110°C) » |

:vIn addition to the inferences.regarding protein conformation in erythro-

cyte membranes, Chapman et al. (L45) studied the 720 cm CH2 rocxing aebsorstion

Hh

ilms. The fatty acid chains

n the memoranss5 arsa

in the spectra of dried

of phospholipids, and the intensity of thé CH, rocking vand is taken as an in-

2
dicator of the degree to which the (methylene) chains are extended in the all-
trans zig-zag configuration. In the membrane spectrunm at room temperature the
band is very weak, indicating very little of this structure. At'lowerﬁtemoera-
tures the extended form is thermodynamically favored, and at -110°C the inten-

sity of the 720 cm ~ band is significantly increased. In the spectra of lipid
extracts from membranes the same relative intensity changes with temperature

- are seen; but at any given temperature the band is more prominent in the lipid
spectrum-than in the membrane spectrum. This observation seemed to reflect a

greater degree of disorder in the lipids when incorporated into the membrane

structure: Some speculative interpretations of this difference were offered
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in terms of possible lipid-protein'inteféctions;

With reépect to‘thé chemicai éoméosition of lipoérdteins,-the spectra'of
dried films providé little more than a éualitative-indicétion of the lipid-
~prdtein'ratio. This can be judged from the relative intensities of principal
1ipid bands (C-H, C-0) and protein bands (Amide .I and Amidé.II). These dif- -
ferences are‘appareﬂt in the various lipoérotein.spectra-shéwn in Figé. ;3'and
1k. Although some tentative ;nfefences'about thevmajof lipids are possible
from the pattern beyond 8 M, such spectra are not saﬁisfactory for quanii-
tative analysisg. An early attempt to obtain quantitative information from
them is exemplified by Fig. 14. 1In this instence lipids weré successi&ely
eiuted from the iipoprotein film by different solvgnts, taking advantagevof
the insOlubility of phospholipidsvin acetone. vépectra of the lipid fractiors

in CS, solution are also shown. . The spectrum of the acetone eluats of =z

2

lipoprotein (or VIDL from serum) identifies it as principally

riglyceride,
whereas from LDL or HDL the correépcndingkeluates have the spectral char-
acteristics of cholesteryl‘esters, TheS; eluates are neveftheléss ﬁixtures
which:gre'not resalved satisfactorily with this ﬁethbd._ Furtiermors, sdlveht
fractiohation’under thése cohditions is‘probably not-reliable, so .that tals.
appfodch’ﬁo quantitation is not verj promiéing. ) | N | T
,5Lipéprotein ;ipids have been analyzed more sﬁcéeééfully by eXffaééing
them frqm the‘isolated 1ipoprotein fractions and applying quantitati#e»infra- *
red‘mgthpdsﬁas described in a later section.. Results obtained by various com-
binatiohs of thesé methdds have been reported (46,47). lThe most recent analyses

(unpublished) give slightly revised compositions from those previously found,

and are believed to be more reliable for the major components. Triglycerides
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and cholesteryl esters were determlned by ‘the two- component method (LS) des-
cribed in SectionvIV B. The adsorbed phOSphOllDldS from tnat procedure were
recorered and measured spectrophotometrically at the 9;15 um (1090 cmfl) peak
(CClu solution). A direct ﬁeasurement of unesterified cholesterol is.not ob-~
talned by_thie metﬁod, but this compoﬁent is estimated either by difference
or from‘cholesteryl esters, assuming that there is a constant ratio between
.free and esterif%ed cholesterol. The latter assumption —-elthoggh acceptable
for total sergm lipid = is not strictly true for the separate liooprotein
classes. "NevertheleSSjthe cholesterol results are more consistent oy this
‘method than by difference.. FWhec calculated cholesterol values are added to
‘the directly measured components, the a&erage closures with total lipid weignt
range from 96% to 102% in all classes except VIDL (f emalas). In tais cless
the amouﬁu of material availadble was small (average 1. 8 mg of lipid); and
therefore the analytical accuracy was less_than normal. Closures Wars nore
_erratlc, averaging about 90%. Although unesterified fatty acids may also oe
llpoprotelps in i
present 1n/very small amounts, vnev were not measured.
Composition data, determined for the three major lipoproteic classes

from 16 normal males and 16 normal females (notd nonfasting), are summarlzed
iﬁ Table II. The'stanoard devlations indlcatelthat_the-VLDL clase exninits
,greatercrariability in &ll components. This is conmsistent with the greaterv
variebility in density distribution within this class, but may be due in part
to lower analJtlcal accuracy for tne omall amounts of lipid avallao_cQ These
data are c1ted here malnly as an lllustratlon of rnfrared analysis and will
not be-diecuesed further. They may be compared with more exter51ve aace on -

lipoprotein composition presented elsewhere in this volume.




IV. QUANTITATIVE AMALYSIS =~ . - R e

A. Measurements | | |

'Thé £asié prihciplesvof sééctrobhotémetry.are'applicable in the use of
infrarédlabsofptiOn as a method of quantitative*énalysis.(4,49).The fundg-
mental physical measurement is that of light intenSiﬁy‘-or, mofe_appropfi-
ately in‘thé infrared, radiant power. The-power.isvéupplied by the radia- -
fion SOurée;_a narrow wavelength interval is seleéted by the monochromator; -
and the eﬁerging energy is méasured by_the thermocouple. The_resultant eleé-
tricalvsignal.is proportional po-the intensi?y'Io, wnich isrtovbe compared »
-with Is’ the corresponding energy méasurement when an absgrbing subs@ance~
is placed in the ;adiation beam. The ratio‘of Is to io is the transmittance,
T; of the substance, '(In double-beém specfropbotometers, as_described in an
earlier ;ectiqn, is and IO are measured in separate sgmple and referenée |
beams. ) |

Since transmittance is exponentially related to thé'concentration of
the absp?bingrsubstance, a useful function is the absorbance, A, définei as
followé: N | | |

S I
A= -loglo T = loglo f;
It ié equivélent to optical aensify.

- Fbr’é'given substancgvat a given (m@nbchromatic) wavelengtﬁ A, ths ab-
_'sorbance is*détermined_by three factors: (1) <, thé.concentration of the
vsubstangegj(e) b, the path length through it; (3) ék;:ifsbaﬁsofptivity at
wave;engﬁh‘x.»'The factoré b and ¢ define the numﬁer of ﬁolecules in the
light,path. Absorpﬁivity (equivalent to extinction Qoéfficient) is equal

to the absorbance at unit concentration and unit path length and is an
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intrinsic'property of. the substance. (The variation of'absorptivity with
wavelength is implicit in the spectral.absorption curve.) The relationship

of these factors is expressed as the well-known Beer-Lambert Law:

Ly

AX = i)‘}ﬁ

- For iastrumentel reasons it has not‘been generaily possible in ﬁhe in-
frared to establish absblute absorptivity values thét can be used with con-
fidence in all spectrophotometers. Furthermore, at the émall path lengfhs
used it;ié hézardous to rely on measured céll thicknesses. Rather it is
c0mmbn practicé to carry out empirical calibrations using pure‘sﬁandard com-
pounds in the same cell that ié to be used sﬁbsequently for the analysis. If
the working curve of abscrbance vs. concentration is.a straignt line, the equa-
tiOn_above can be reduced to

| AT 1-5,\:-9
where EX; the'empirically detefmined slopg, répfesenté.a combination of ik and
b fqr”thévpafticularvceil.' L S
A Pth Qf A)M VS. E'cahfbe non-linear for reasons whiéh involve the rela-
‘tionship befween.band shape and spectral slit widﬁhr To avoid curvature ifrom
this caﬁée; méésﬁrements should be made at band‘peaks :ather than on steep
sides of.bands, and the spectral s;it width should be kept narrower than the
absorption band width. The latter réqui:ement may be in conflict with the
necéssity;for a wide enough slit width to provide adequate'énergy for measure-
‘ment, but in a gréting:instrument.with siit control this does not usually pre-
sent ah&_difficuity;
Andther”possible cause.of.noﬁFlinearity in ﬁhe calibration of substances

in solutibn is a change in band shape resulting from solute-solute interabtioni

~Such interactions tend to increase with concentration,. and they can be minimize



.

by working_in a low éoncentratidn raﬁge. This in tﬁrn_may require the use of
relativély“ 1_on'g path length cells. For most lipids that.a.rve soluble ‘in ccl,
or CSz, céncentrdtions,iess thén lO'ﬁg/ml in.éll.O mm cell are éatisfactory,_
and good approximationfto linéariﬁy are usuaily obtained.

| qu quantitative méésﬁreménts‘the use qf dilute sQiutions has definite
advahtages_over solid or undiluted liquid samples. If the amount of a lipid .
sample is about 2 mg or more the technigue is sim@le and'straightfbrward‘and
does not require accessory equipment. The minimum volume_of solVent needed
for a 1.0 mm cell is about 0.5 ml, which is large enough so that solution
volﬁmes cen be measured accurately. Cbnstancy'of path length is assured if
all measurements arevmade in fhe same fixed thickness cell. Furthermore, a
duplicété cell.filled with pure solvent in the reference beam is probably the
most effective type of background cancellation. Pure sol?ent iﬁ bota cells
répresents a zexo coﬁcentration point, for'which‘the instrument may e ai-
justed to read 100% T (or an appropriate ?orrection can be made). Tain cells
(< 0.1 ﬁﬁo are not very suitable for solution analysis because highef cqncenQ
._trétionS-é?e necessary and the correspoﬁdihgly smaller volumes are less ac-
curaﬁelyjmgas#rable. There is also a greater "dilution" of the solvent in
vthé sémplé.cell, so that there can be a serioué disparity‘with the amouﬁtbof4.
pure sol?ent'in a matéhing referencevéell. A variable—thickness reference cell «
1is alpossible neans of cofrecting the solvent imbélénce‘in that case.

Analysis_in solution can be extended to the submilligram fangé by using

,microcelis, Still longér-path lengths (> 1 mm) are aesirable to increase sen-
‘sitivity and minimize volume measﬁrement problems. Solvéﬁt interference then

becomes more likely, however.
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If analysis in solution is precluded by ihsolubility, by.solvént ébscufa;
tion of tﬁe absorptioﬁ band to be measuréd,'br-bj foo small sample size, the
KBr pellet technique may be used. It is probably the.dnly practicable tech-
nique for amounts smaller than about 100 ugm. For a given peliet die the
thickness of the pellet formed is proportional to the weight of.KBr. If the

concentration is expressed on a weight/weight basis, the Beer's law expression

A}\ =ahbc

becomeés

= g W5
wheré k is a cdnsﬁaﬁt relaﬁing thickness to weight, W is the weight of the

- pellet, and_g'is the weight of samplevinv he pellet. The expression further
reduces fo' |

= 13
A, =K'V

where k' ié the product of 2y and k.
Thus the éalibration can be established asvabsorbance'vshsampie welgnt, in-
dependent-of pellet Weight,.provided all bf the sample is in the vellet. IT
thére is 1pss_of material iﬁ preparatibnsof the pellet; or only a portion of‘
© the tdtal_(sample-KBf) mixture is used,_it_is necessary to xnow both-the
'weight.of'the pellet and thg weight of the tbta; mikture in order to account
for‘the\différehce. .Since'the KBf is usuwally weighed, gnd.less than 19 of
sampié is-added, the KBr weight may be used as fhe total mixture weight.
Tﬁeﬁﬁse of an internal standard in KBr pellets was déscribed by Wiberley
gﬁ §£.1(5Q). .In this procedure quantitation is based on the intensity ratio
of an absOrption band of the analyte and a hand of a‘suitably chosen cpmpound

which is incorporated into the pellet in known amount. ' The requirements on
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thevinternél étdndard are that.its.sPééﬁrum be"relaﬁi?eiy Simplé; so as not

to héve £oo'many intérfering band;, and that it have a well-isolated band

of sufficient intensity to 5e suitable as the reference band. Substances

that have been used are potaséium thiocyanéte, lead thiocyanate, and potassium
fefricyanide. In all of these the nitrile abéorption is the reference baﬁd.

| If the amount of the interpal,standard is kept‘gonstanf we may write Beer's

' laW'expreséions_for the two independent bands and divide, obtaining

p;];=ilp-£l=k.c
Ag ?‘.2.12.9_.2 - =1

'whereféubscript one refers to the‘samplé and_sﬁbscript two thé standard. The
ratio 21/22 is constant, E/E is ﬁnity, and tbgether with gevthey can-be com-
bined into the constant k..

'Oil ﬁulls and film35 either liquid or solid, are uﬁfavorable sampling =
forms;for-quéntitative analysis. They are neither accurate nor reproduciﬁle
in thickness, and in thefcase of films deposited by é&aporatioh,of_solufions
they are apt to be non-uniform as well. The internal ;ﬁandard méthéd‘was
'propqsed_for mulls by BaQnes,.gg al. (51); and iﬁ principle it is appiicable
to films, bﬁt its pfactical utility has evidently not been.exélored. |

A mgphdd that is often useful-for determining a miﬁor‘componenfvof a mix-
'turé is differential‘analysis. This is also applicable when the absorption
: ‘band,fb»be measured_is overlapped by the band of andthéf'component. The pfo—
._éedufe isfesséntially the solution §rocedure, except tﬁat as a refereﬁce pﬁre

sol#ent~is'replaced by & solution containing all the sample components other
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tﬁan the 6ne to be determined. The absorbtion of the "other”fCOmponeﬁts is
thereby bélénced 6ut in the two beams.u.Tﬁe band to be measured beéomes more
distinct and the baékground is flaﬁtened out. The'feasibilitj of this method
will .depend oﬁ the complexity of the mixture, and needs to be evaluated for
a particular'problem.' Robinson (52) has.shown that the optimum accuracy is
atfaiﬁéd when the concentration is adjusted to 37% transmittance without any
‘qompensation'in the reference béam.

Whereas in éolutioﬁs thg transmittance of pure solvent establ;shes an
Io, or background level, KBr blanks are not réproduéiﬁle enough to use as
a reference for pelletized samples. Tﬁe scattering background is much too
variable from pellet to pellet, and eépecially from blank to sample. Under
ﬁhese circumstances it is necessary to estimate the IO value bj somewnat
arbitrary.empirical methods. One such method is cémmonly called the base-
lihe method, and is illustrated in Fig. 15. It consists of éonnecting two
suitably chosen.points, one on each side of the‘absorpéidn baﬁd being mea-
sured,_by‘a straight line. The ordinatemvalué of this line at the wavelengtih
of the bénd-peak is taken as_Io. Thé case illﬁstrated shows a well separated
absorptidg band, and the baseline ié drawn tangentnﬁo the curve near the ad-
vjacéntﬁtrahsmission maxima. It is intended to be an objectively constructed
representation of whaf thé curve might be 1f the absorpfion band were not
there: An alternate method is the empiricél ratio, shown in Fig. 15. Her;
'Io is teken as one of the transﬁission'maxima adjgdenﬁ to the absorption
bahd. In the simple cases illustrated the baseline.method might seem.to be
the morngational choice.. Howéver, the trué Valxmfziq;%ie somewhere.beﬁween
-tﬁese'tﬁé approximations and only trialvand error will show which is better.
Thé choice may be even les; obvious when the spectrum is more complex, with

multiple ox overlapping bends in the region of intsrest.
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.'Thegcontribﬁ£ion of instfumehtéi ﬁéééuremenﬁ error to the éverall ana-
lyticel error can be estimated if it is assumed that the (transmitténce)
scélé erfor is constanf over the'whole scéle, and applies equally to>the
0%, lQO%, and tranémitfancé“measurements. vIt was ého&n by Robinson (53)_
thﬁﬁ a 1% écale reading erfor leads to & minimum coﬁcentfation errbr of about
3.5% at a transmittance value of 37%. The error-inéreases atAhigher and
lower trensmittance values, becoming 4% at aboﬁt 20% T-and 60% T, and &% at
about 10% T and 75% T. A£ gtill:higher and 1ower‘transmittanées.the error
cérve rises quite steeply, and it ié generally reédénized that these exfremés
'should be avoided if possible. . The better classes of modern_specfrophotometers
should be capable of précision well witﬁin 1%. If this measurement is the
liﬁiting_errqr, and ﬁransmittances are kept between 26% éndFYO%, analytical
precision of 3% or less'should be possible. Background estimation in>the
spectra of;soiids is ObViously_éubject to greater error.tban solution measure-
ments. Thisvre-emphasizes the superiority of thg solution mods.
Thé f0régoing discuésion has dealt mainly with the deterﬁinétioﬁ of a

‘particﬁlérICOmponenﬁ by é.single absorbaﬁce measuremenﬁ.v:A’simple‘example
is the measureméﬁt of the amount of an isolated lipid or lipid éléss. ‘in other
c&séséiwhete more than ohe sﬁbstance‘is present, the extraneous absorbances ars
_-conéideréd és backgrouné and are accounted fo; by a suitably COpstruéted base—
line,vér by.a differentiai technique. -Fdr a mixture of only two components
whosé £otal amount 1s known, & working curve may -be established for one com-
. pohéntﬂaﬁd the other détermined by the-difference. o

_ zTo:analyze féf all n components of a mixture it is-requiréd that they Ve
khown and cahrbe calibratéd ihdependeﬁtiy with pure standards; Eésentially

the wethod conzistis of measurin~s n ahsorbances at n appropriately choszn
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spectral positions and inserting them in n linear equations:

Cp =k Ay Fhph oo e e A

1 2 : ‘n
Co =kpphy + B o oo e FES A
. 1 2 n
_Cn =k A +-5n2Ax2' RN gnnAXn |

1

where Cn'= concentration of the nth component, AX is the measured absorbance
_ : n

Ly

at Xn,,and each"i(_iJ is a constant. The values of Eiﬁvare derived by matrix

inversion of the g‘s in the set of equations:

A =a C. +2 . C. « v e+os.a.C

S ERR A 21n°n
8,7 20 T 200 ¢t et Bty
Ak = Ehlcl + §n2c2 coe e e e o8 Co

Here aij is the calibration coefficient of the jth component at hi. This

farmulaﬁion is based on the assumptions: (1) that the individual calibration
'cufves‘of allicdmponents at all wavelengths are linear; (2) thet the indi&i-
duél absofbahces are’independenﬁ and additive. Except in unusual casis of
interéétion.between compdnents, the latter assumption is generally vaiid.
The-firéf assumption (Beer's Law) ié tested in the.cour§e of calibraﬁibn;'
and for:most lipids in diluie solution the approximations to linearity are
accept&ble;'l

A fuithe; condition to be fulfilled is that for each component a wave-

léngth_(absorption band) éan be choéen at‘whiéh that component is the major

absorber and all others absorb substéntially less. Inability to meet this

e e e
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condition precludes the use Qf-this'multicomponent method'fér many complex |
mixtures, although in favorablevcases as many as ten components have been
analyzed éﬁcééésfully. The problem 6f matrixvinversioﬁ c;n now be handled
easily by computers,.althbﬁgh for just two_components the_arithmetic iS very
simple{' Some useful tﬁo—cbmponent-lipii analyses will be cited later: (A -
more extensive‘treatment of'multiéomponent analysis is‘given in Ref. 49,

p. 403).

" B. Analytical Methods for Blood Lipids.

Since infrared absorption measurements are made almost ekclusivelyvin
noﬁ¥aqﬁeops'media, the anaiysis of blood lipidé requires a préliminary e#-
tractionf Methods'of extraction are discussedvin‘aﬁother chaptér‘of this“
volume;‘ahd-will only be touched on briefly here. In most instances a total _
lipid extract is obtained and subsequent fractiqnationiof somé sort is carried
out. Procedures that are adequate to extract all of tﬁe lipids also carry
along'éome noﬁlipid material, which sh@uld be removed as a first step of
pﬁfificgfibn.'bFér serum the method of Sperry and Brand (54) is generally
satisfactpry} ‘Thé solvent used is chloroform-methanol (2:1),'and't£e'nbn-
lipid'matefial extracted is removed by a Qater wash. Nelson (31)vhas des-
cribed a.proéédure for the extractionvof red cells, also using chioroformf
'methﬁnol_éé the solvent. In this éase the subsequent ﬁemoval of nonlipid-
vcontaﬁinghts is accomplished Ey a gel filtration technique, slightly modi-
fied-fréﬁvthat of Siakotos, et al. (55). Other extraction procedures may
.be édopted in special circumstances, ahd in gonsideration of the:particular

lipidsAto be determined and the type of fractionétion to be employed.
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The amount of a total serum lipid extract — purified as described above —
can be determined with an accuracy and feproducibility of about * 3%, as com-
pared with weight measurement. This is done by measuring the absorbance in

ccl) solution at the CH bending frequency, 6.8 um (1465 cm‘l). Calibration

} 2
of the var;ous major components at this spectral position gives absorption
coefficients ﬁhich are ali within é 10% range. Using an average value weighted
--aceording to;a normal serum lipid composition results in closer agreenment. Wide
variaﬁions in fatty acid chain length or degree of unsaturation would affect
the infénsity of this bénd and cause larger errors. Presumably. the C-H stretch-
ing band near 3.45 pm (2900 cm-l) could be used in a similar way, although the
corresponding calibrations have not been carried out. These bands ﬁould be
more suitable for microanalysis, since they are more inﬁenée and also more ires
from solvent interference that méy be encountered in longer patn length cells.

Any.ayailable separation method may ve used to isolate linid classes or
to simplify th¢ lipid mixture to be_analyzed. In practice, colum; and thin-
lé&ervchromatogfaphy are.the most generally useful. These metnods are also
treated e1sewhere in this voluxme, and will be described only minimally here
as necésséfy. Better separations are uéually possible by thin-layer caorors-
tography, But the amounts are small enough.to require microsampling tecﬁniques
for infrafed measurement, especially with the less abundant lipid species.

. i .

Column chrqmatography can pfovide adequate sample sizes but for some.lipid
classes'the separation problem is formidable.

For an isolated lipid class, the.infrared analysis is straightforwvard.
Taking'aécounf of pOSSible sbectral véfiations withiﬁ the class, any dbsorp—
tion baﬁd-—-préferably a strong one — may be choéen for éaiibration and meas-

S

urement. It should be noted for example, that in an ester class (e.z.
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éholestéryl'estérs) éontaihing several fatty‘aéids the cérbqnyl absorétion
is proportional to the'conceﬁtration of C=0 groups;_ Calibration on a molar
conqentration basisiis.thérefore stricﬁly valid, whereas for weight célibra-
tion-én'évéfage molecular weight must be assumed. This.ié thé same aséump-
tioh that is commonly made in other methods of‘aﬁalysis, and it is not un-
reééonablevfor the fatty acid compositioné normally encountered in blood
lipids. it should be borne in mind howe#ef, in unusual situa;iohs such as
the admiﬁistraﬁidn'of high'leveis of medium chain.fatty acids in the diet.‘
'A method for determining‘the.méjor serumvlipids by a combination of
column-chromatography and infrared measurement vas deVised'by Freeman, et
al. ‘(56)._ In‘" view of the difficulty of .isola’_cing all of the lipid classes,
thej'adopted a»simplified, mbre manageéble proceduré in which only th;ee
fractions afe obfained. Using small silicic acid coiumns (0.25.zm or 1.0 zm),
the total lipid extract from l;O ml of serum islapplied in hexane and elutéd
sucCeSsiveiy Witﬁ hexane-chloroform (95:5), chlorofbrm,.aﬁd methanol. Zach
fraction is evaporated to dryness and rsedissolved in a known volume o7 cs,
or CCluvfpr infrared meagurement; Typical spectra are shown in Fig. 1&. The
first fraétion contains only cholesteryl esters, which canvbe de%erminedvfromb
the abSorB;née of the ester carbonyl bahd.j The secqnd:fractidn is a mixture
of trigiyéerides, unesterified cholesterol,vand unesterified fatty acids. .
Normally ‘the amount of fatty acids is too small to meashre and its contri-
butionlﬁo ﬁhé'spectrum (5.85 um, 1710 cm-l) can be ignored. In fhis case
the éonﬁgﬁﬁration of triglycerides is found directly from the ester carbonyl.
.band."(dﬁolééferol doesinot_absorb in the carbonyl region.) The absorbance

is-then-measﬁred at}the cholesterol peak at 9.5 um (1050 cm-l> and corrected

- for the contribution of the already calculated amount of triglycerides. The
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corrected agéorbanée value gives the chélesterol conceﬁtration{ in c;ses
where significant amounts of unesterified fatty acidsvare pfesent, a two-
componentvénalysis based on the overlapping C=0 bands_is.gafried out, and
a double correction is applied to the cholesterol peak measurement. Tﬁis
method has been used in lipblysis experiments to follow the prdduction of
free fatty e;'cids (57,58) |

The ffaétion eluted by methanol. consists of the total mixture of phos-
phdlipids. its'spectrum resembles thét of lecithin; the only readily ob-
servablé différence being a slightly lower relative intensity of the ester
band due tovthe vresence of 20% sphingomyelin. Among the stronger infrared
bands, the best choice for absorbance measuremernt is one of ﬁhe dcublet peaks
at about 9.1 um (1100 cm—l) and 9.k um (1065 cmfl). Absorptivities of the
component_phospholipids are'nearly the same in this region, except taat of
phosphatidyl ethanolamine is slightly less at the sﬁorter wavelengtn peak.
If this were a major constituent the 9.4 um peak would be preferable. The
ester band at'5:76'&m (17371 cmfl) can also be used, provided that the uro-
poftioﬁ of sphingomyelin_is approximately constant in all samples. In the
lattef @ase the total serum phdspholipid mixture is used as a calibration
standafd;fﬁhereas egg lecithin is a suitable referénce material for the phos-
phate ester bénds.

o ‘ |

' 'To the extent that further fractionation is poséible,’other individual

lipids can be measured. For example, a more exacting chrdmatographic”pro-
cedure suc£ as thaﬁ of Hirsch and Ahrehs_(59> might be used-to obtain moﬁo -
and &igiyégri&es, Phbsphélipids can be separated.by the highly refined

system'ofvgradient elution chromatography developed by Nelson (60). 1In
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simpler.vereions deecribed earlief by Fteemap (13) end Neisoh and Freeman.(6l)
only partial separatione are achieved. Nevertheless the fractions contain-
ing leeithin and sphihgomyelin together ¢an be analyzed by the two-component
method, ﬁSinédthe ester and amide carbonyl bands at 5.76 pm (1737 cm-l) and
6.1 um (1640 co™).

A method for determiﬁing triglycerides based on thin-layer chrometography
'fand infrared sPectrophotometry was devised by Krell and Hashim (62). They
used adsorbent layers 1 mm thick in order to accommodate the amounts of lipid
ottained from 1 ml of serum. After development of the plate, the adsorbent
was scraped from triglyeeride spot areas and the triglycerides were eluted from

it. Spectra were run in CS, solutions, and absorbance was measured at the

2
eeter carbonyl peak, using the baseline method. Uhde: thess eonditions some
curvature was noted in the absorbance;concentration plot, and.this could be
taken into acoount either by reading directly from the curve or by a_mathee
matical'correction to the measured absorbance value. Presdmably thisdmethod
coﬁld'be used'for othef componentsvas well. |

Triglycerldes and cholesteryl esters in serum can be determined simmui-
,taneously by the two- componert method (48). This analy51s requires the re-
vmoval of the phosohol*plds from the total extracted llpld and 1nfrared meas-
urements on the remaining mixture. Such a separat;on is alsovrequlred in the
ehemicalftfiglyceride methods (63) currently in use. It may be accomplished
by batch adeorption on eilicic acid from chloroform or chloroform—acetone
solution, or by adsorption on a column. Another alternetive procedure 1is
to combine the extractioﬁ and adsorptioh in a single step as described'by

Mendelsohn and Antonis (64). The latter yields comparable results for
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triglycerides, and_only slightly less. reliable results for cholesterol esters.
However achieved, tﬁé‘mixture after pﬁoépholipid removal contains cholesteryl
esters and triglycerideé'as_the‘major components, with lesser amounts of cho-
lesterol and unesterified fatﬁy acids. Cholesterol has negligible absérption
in the carbpnyl region; and with few exceptions fatty acids a:é present in
serum in small enough concentrations so that their conmtribution to the ester
“peak absofbahdes’can be ignored. The overlapping carbonyl bands of choles-
teryl,estérs‘and triglycerides are shown'in Fig. 1T7. Measurements are méde
at the two peak positions. Where one component is the major absbrber, there
is a contribﬁtion tc the absorbance from the side of the band of the other
component. vThus not ohly is good resclving bower needed,'but also good re-
producibility of frequency settings. A grating instrument is preferred, but
if chervrequirements are met it may bé possible to use a sodium chloride
prism and,&e:y narrow slits. Absorbances are'pot measured on a recorded
scan, butVat'sﬁationary points seﬁ manually. Calculations afe made by a
two—c0mponent matrix as descrived earlier.':The prime Qirtuelof this method
ié operat;onal simplicity, an& it is_aiso nondestrﬁctive. By.uéing a micro-
 cell it can be adaptéd to smaller quantities of serum, down to 0.1 ml;
A-prqtotype instrument has been described for carrying out the trigly-
ceridefcholésteryl ester analysis in a semiautormatic manner (65). .This
‘devicg inborporateé a small single-beam grating ;péctfophotometer, which must
ﬁe pufged‘with dry air to minimize watgr vapor absorption. It is'équipped
with'é m&tor-actu&ted‘gratihg positionef; programmed to be set altérnately
at the twpimeasurement frequencies. .The trénsmittance.ﬁeasufeﬁénts; re-~

presented by voltages, are first convérted electronically to absorbances.
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These are muitipliéd by'the'predetérmihed constants of the matrix equations,
and the'appfopriate térms combined. Caicuiaﬁed results are displayed on a
'digitalfvoltmeter and also printed oh tape.

The analysis of total unfractionated lipid extract from serum by infra-
red spectrophotometry has been undertaken (13), but wiﬁh limited success.
Examination Qf'the spectrum of the total lipids (Fig. 18) with reference to
the coprnenf spectra leads to the conclusion that thé characteristic ébsorp—
tion bands for ﬁhe various lipid classes are nof sufficiently distinctive to
permit a multicomponenf analysis of the mixtufe in terms df those classes.
For example, the differentiation of triglyéerides and cholesteryl esﬁers in
the presencé.of phospholipids is difficult if not impéssible. bHowevef, in-
stead of the actual classes, components ﬁay be defined on the bésis of signi-
ficant absorption bands related to cheﬁical groups. Thus thebcarbonyl band
might be used for measuring total esterified fatty acids (TEFA), one of the
pbosphate ester bands for the phopholipids (PL) and the methyl group band
for total cholesterol (TC).: Since phospholipids contain'eéterified fatty
acids,,these thiée arbitrary components are not independent. It is necessary

, tq defiﬁe an artificial phospholipid as the residue obtained from the total
phospholibids by rémbval of the esterified fatty acids. If it is assumed
that ﬁhevrésidue is a constant fraction of the total,‘thé conversion can be
made by.avsimple numerical factor. Calling this defined component residual
phosphoiipid (RPL), we have three things which add up to the total 1lipid, i.e.,

TL = TEFA + TC + RPL. -(Glycerol and free fatty acids are ignored.) Since

each is associated with a different characteristic absorption band, it should
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be possible to set up a three-component;analysis3based on the usual equations:

Axl = 2)1%mrn * 21200 * 21301
= +
A, T Berfrem T 2o2%rer T Zognc
= + . .+
Ax3 231C7gra ¥ 230%rpL * 23387c
where A = absorbance
- C = concentration
A o= 5.76 pum (carbonyl)
by = 9.1 um (phosphate ester)
: x3,.= 7.25 um (methyl)
iij = calibration coefficient of componentvj.at wavelength 1.

To proceed according to this formulation it is neéessary to evéluate the
Eij:s, and.ﬁere'some difficulties are en?ogntered. EWhéreas normally these
would'be'calibration coefficients determined for specific compounds)in this
instance fhisﬁis only true for cholesterol and all others are derived. For

- example, a coefficient for TEFA at A, may be determined from separate cali-

3
brations of cholesteryl ester (CE) and unesterified cholesterol (UC). The

assumpfion is made that the ester absorptivity is the weighted sum of its

component absorptivities, i.e.,

2p = B x.(wt. fraction EFA) +ZEUC x (wt. fraction UC)
Sama (231):80 gbtglned-ls in good agreement_wlth tng.value de-

rived from triglyceride calibration. For some of the other coefficients

The'vélﬁe of

obtained in a similar way however, there is greater variability, so that
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the-usefof'average.values leads_fo errors ét'extremeé 6f:sémple'compositi§n;
At Xl oniy the esﬁer grdups absorb._ Fdf the various esters»thelabsorb-‘
'ahcevper fatty acid'(COncentration) can be determined simply from thé‘molecu-
larvﬁeight rafio of ester to fatty acid. Since the carbonyl peak poéiéions
of cholesteryl‘esters, triglycerides, and phospholipids are.not-precisely

the game, A 11

has to be carefully selected so that a. is as nearly equal as

1
possible in all three classes. As may be seen in Fig.22 this point corfesQ
ponds approxiﬁately to the phospholipid peak. Since cholesterol does»not
absorb in the carbonyl region, and residual phospholipid has been defined

to exclude fatty ester groups, both a., and é may be set equal to zero.

12 13
The fifst equation is thereby reduced to a single term, and TEFA can be cal-
culated independently from a single absorbance measurement. This TEFA con-

centration can then be substifuted in the other two equations, reducing each
of them by one termm. There remains then a 2 x 2 matrix, but thé absorptivity

of cholesterol at X 1s very small and may be'neglectéd. This eliminates

2
another térm from the -second eqdation; The RPL cOncehtrationacan oe celcu-
lated from'the femaining term and substituted in thevtﬁird equation, which
~is then éimply solved for cholesterQl'concentration.' Thus the zero absorp-
tivity.véiuésvpermit fhe matrix calculation'fo be avoided altogether.
Operationally tbis ﬁethod is exﬁfemely simple. Spectrophotometry is
carried out ciirectly on the purified serum. lipid extract dissolved in a
.measﬁ;évabiuﬁe.of CClu.' The inforﬁation obtained is essentially that frém
separate éhemical determinations of total cholesterol, @otal esterified fatty
acids, é£d lipid phosphofous.l (A totél:lipid measurement may also be made

at the séme time.) The method has good precision, and it is accurate to about



ceride peak, using a baseline method as shown in Fig.19. Calibration is carried

'.infrared‘ahalyses related to fatty acid characteristics. Since q@antitation :

~ soe

5 - 10% in the‘ndrmal range of seruﬁ.lipid'cdmpositions, foy which its in- ‘
herent aésumptions-and empirical a&erages“are acceptable. Howeyér it can-
not béiregardéd as:génerally'usefui fof a wide range of 1lipid compositions.
Furthermore it does not pfo&ide a gOOd determination of triglycerides, since
it would_depend on caléulétions'of difference between ﬁotal fatty acids and
the fétty acids of cholesteryl esters and bhospholipid, just as in the_older'
indirect chemical methods. | '

An infraredhbethod haszbeen used in coﬁjunct;on with ultracentrifﬁgal‘

fractionation to measure chylomicrons in serum at the microgram level (&8).

1

The isolation of the chylomicron-containing fraction is carried out by flota-

tioﬁ in a sodium chloride density gradient solution, using = swinging-bucket'
rotor. After éentrifugation the top milliliter in the tube contains the
serum'lipoproteins des;gnated aé»Sf > uoo; wﬁich aré made up principally of
the chylomicrons. 'Since’the.solution contains a knownvconcentraﬁion of sodium
chloride,*it‘is possiblé to 1ydphilize an aliquot arid prepare a2 pellet of HaCl
in the manner that has been described'for:KBr.' A microdie ié used, forming a
pellet 1.5 mm in diameter and containing abéuf S g 5fINaCl} For this size
pellet a beam condenser is used. The amount of chylomicrons th;t can be mea-

sured (without dilution) is 1 - 4O Ugm. Some curvature of the calibration

curve is indicated above -about 25 ugnm. ~Absorbance is measured at the trigly-

out with dilutions of a concentrated chylomicron preparation, in which the tri- :

glyceride‘content'isvknoWn from.iﬁdependent.analysis;

In_édditioh'to the determination of the lipid clééses,‘theré are some

I

i
i
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'>of in@ividual fatty acidé is doné lérgely by gas. chromatography, ﬁhe infrafed
metho&s éré supplemenfary,>or they are'applied.to mixed lipids.or lipid)classes
for sbecial purpoéés. - Perhaps most siénifiéant are thQse-rélated to unsatura-
tion. : :.  , ‘ . | -. f' . : . .
On thé agsumption that all of the dduble bénds in the fatty acids'of blood
lipids aré of the cis uhcohjugated type, total unsaturation can be measured ét
either of two absorptlon bands. One of these baﬁds is the (C=)C-H étretébing
absorption at 3. 3 |Lm (3020 cm ) Sinclair et al. (28) proposed a riethod for
the fatty,acids, sultable also for triglycerides and methyl esters and pre-
sumably otﬁer classes és well; In this method the ratio of the 302C cm_l band
intenéity to'the'difference beéween it and ﬁhe CH2 stretching intensity at.3;M M
(2920 cm-l) is plotted as a (linear) function of the number of dou wole bonds
per molecule. Since a ratio is used thé total concentration nesd noﬁ oe known.

1

‘band intensity against degre

(D
O
i1y

_ An alternative is to plot the 3020 cm’ © un-

saturation; using a fixed ester concentration. With a sodium chloride prism
'instruméﬁt this band.is not.well enbugh resolved for éood measufeme;t, but. any
highef degrée_of resolution is satisfactory. A fluorite orism was used by
Sinclair,gg g;., and a grating is clearlyvadequate.

A The'other absorption band at which cis unsaturationlcan be neasured 1is
at lh 2 nm.(TOO cm” ) Here reéolution is hot a probiem. This band is. over;
.lappedAby @hg CH2 chaln rodklng absorptlon at 13. 9 um (720 cm ), out it can }
be'éalibréted either dlrectly or by a differential method (1k). In the latter |
pfocedufe triglycerideé were uéed with the sample beling measured against tri-

' palmitin (both 1n CS, at the same concentratlon - Lo mg/ml ina 0.9 mn cell)

2

' 'Calibration spectra are shown. in Fig.20. At low degrees of unaaturatlon this
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pand (as well as the 3020 ém-l.band) is not very strqng,>50 thaf relaéively
high concentrations are'neéded; a

The determinatién of unconjugated trans isomers of unsaturated fatty
acids is pérhéps the best known infrared methbdbin thé chemis£ry of faté
and oils, h@inly because of iﬁs importance in ponnection with the hydro-
genation . process, -but also because gas chromaﬁographic separation of the
isomers is difficult. Thé meﬁhod was first described by Shreve et al. (67)
and numerous variations of it have been published.: One procedure has peen
adopted asfStandard‘Method Cdvlh-6l of the American Oil Chemists' Society.
The levels Qf Eféﬁi isomer are low in blood lipids, and they ére believed
to bg eXciuSively of dietary origin. No definitive study of them.has been
méde;’althbugh an adaptation of the method é?d a fTew meas&rements nave been
reported_(68). "In this procedﬁre the serum lipids are methanolyzed to octain
‘methyl esters. The ester spectra a?e recdrded in C52 solution at a concentra-
tion of 15 mg/ml in a 3.5 mm microcell. Curves in the spegtral.interval_9.5 -
ld.S pum” (1050 - 950 cm-l) are shown in Fig.21 for different percentages of

asa-

o

methyl'elaidate in methyl oleate. Band intensities are peasured oy the
line,method, in which the 100% oleate curve approximates the background. By
- : l)

the cis

. using ﬁhé éame solution for spectral'measurement.at 1k.2 um (700 e
‘doub;e‘boﬁds are détermined in fhe same éaméle, thus giving total unsaturation.
'It is p@ssible:to estimate the‘avefage'chain lenggh in miked éétufated
fatty adidé from the ratio of C-H fo éno absorptions (59), but this metnod is
of»iiftie'utility in the blood lipid‘éjstem. Also the estimation of the de-

3

be applicéble, since branched acids = if they occurvin‘blood lipids —are at

gree of'branching from the CH, symmetrical bending band (34) is not‘iikely to
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most trace components.

C. Use‘of Computers

Ségciélized computing devices have been used forlﬁ long time in conjunc-
tion ﬁitﬁ infrared'spectrophotometry. A particular application has been in
connection with multicompohent analyses in which'iarge matrices are required.
These can_be handled by analog computefs designed for.thisvpurpose, using ab-
éorbanées measured in the usual'way'aé input data. The autométic two-cémponent
analyzer mentioned in the.prévious sebtion contains simple computing ciréuitry
of this type.

- In recent &ears, with the.increasing avéilability of éeneral purpoée large-
memory digital com@uteré, various aspects of spectroﬁetric data handling can
be treatea vith greater facility. Some.of these aspects are related to the
téchniqués»bf correcting instrument performance, refining data and iﬁproving
spectral<quélity, e.g., background and frequency corréctions; peak lbcation,
and cﬁrvé;émoothing._

Applications of this type; as well_as computer ﬁeﬁﬁods»fof spectrgm iden-
tifiéatiog and qualiﬁati#é strﬁcfﬁral d;agnosis, have been reviewed by Crisler
(TQ), -Oﬁﬁér'applicaﬁioﬁs are more épecifically related to analysis, and in
additioﬁfto éﬁraight arithmetic and matrix computation these include thé.de; ,
termination éf integrated band intensities, resolution of overlapping bands, 
and cbmponent band summation.

For ﬁsé'by the coﬁputér, the output of the spectfometer is first con-
verted tq,digital form‘and.stqred on gunched cards, magnetic tape, or punéhed
ﬁaper;tapé.. The spectrum is thereby represented as a sequence of transmittapce

or absorbance values measured at closely spaced intervals over the whole'range.
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A limited:specfral range.may_be‘sélectédAfor a specific purposé; and all or

part of ﬂhe_spectfum cén be plotfed on ény desired scale from the stdrea

data.

Cémputer metﬁods have'been.explored in COnneétion with some infrared an-
alyses of blood lipids (1k4). VOne approéch}is to use integrated band intensities,

which are often more reliable than peak absorbances. A determination for which

this method can bé used is that of total esterified fatiy acids (TEFA), based

on measurement of the ester carbonyl band. Although in the spectrum of a serum

lipid extfaét fhis banq has'a single peak, it is a composite of the absorptions
of cholestéryl esters, triglycerides, and phospholipids.  The individual sands
of these estér classes are shown oﬁ an expanded gcale in‘Fig. 22. Concentra-
tions; hafé been adjusted to equivalent fatty acid.concen ration For all types.
though'a curve is included fb;'unes£erified fatty acid at‘the saﬁe level,

the amount of this component in serum.is normally less than 1C% of the total

.
féttybacidé. In the metho@ descrived in the previous-section, TEFA were est;-
mated fromvén absorbance measured ai épproximatelyvthé lecithin peak position.
At'ﬁhaﬁ poiﬁt the absorbance.per fatty acid is nearly the same for all tores
componénts. However the measurement is off.the peaks of both triglyceriie

‘ahd.cholesteryl ester, and therefore hignhly dependent_on the eprodﬁcibiLity
of the-freQuency setting. It is particularly subject to srrors at very hizgh
or Verj low triglyceride content. Use of integrated bénd intehsities avoids
this difficulty and shéuld be more reliable.

'Thgfintegrated intensities used_here are not absolﬁfe, but are empirically

) measured bénd aredas. Over the interval from 1690 - 1790 cm—l a transmittance

: ol . -1 : ' o
value is recorded every 0.5 cm ~. Thesé values are converted to absorbances,
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which are then summed and multiplied by 0.5 to obtain the area. This calcula-

tion is'expressed in the fdllowing equation:

' 14 1790 - : 1790
. Band area =B = AdY = §69O AAV = 0.5 %90 ;

Y

Th¢ band area data for absorption by various lipids in this spectrél interval .
are summafiied in Table III.  In'this table the ranges of values are given
correspdnding toﬂindicated‘rangés of concentfation. B/C does not vary ap-
prééiably in these ranges, indiqating.adherence to Beer's Law. The constancy
of B/CEA over ail four ester classeé verifies thaf the band area per esfér
group is the same for all of the ester types and is»therefore valid for mix-
tures of them. In known mixtures'which.do nét include unesterified Tatty
acids the adcuracy of the determination has been estiﬁatéd to be abtout + 20,
When freé fatty acids are present the error increases with their amount and
reaches about 105 when the fatty acids COmprise 15 of the total. Tois error
can be reduced to less than 5% by choosing a narro%er spectral interval (1770C-
1710 cm-l) Vhich excludes a large part of the fatty.acid absorption dvand wita-
out*seriously affecting the constancy of the ester vand area. |

This procedure has also been appiied to the measurement of total lipid,

using the CH, bending band. ‘It has been noted in the previous section'that

2
the 6.8 um (lﬁ65 cmfl) peak can be used successfully for this determination

in serum lipidé; By the use of bénd areas it appeafs that the measurement is
valid over a wider range of sample compositions. Fig.23 shows the ocand pat-
terns for representative lipids, and two poésible integration intervals ‘are
-indicated. 1In TableIV the areas are compared with peak.absorbances for various
.lipid clasées, some of which include faéty acids of differing unsaturation.

The effect of unsaturation is clearly reveal=d in these data. The ovarall
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constancy Qith respécﬁ to.both lipid classe$ and unsaturation is greatest in
the integrated absorptivitiés of the narrower interval (1k70 - 1420 cm-l).
This area therefore should be least affected.by sample composifion.

Another way éf usingbthe computer is to match the absorption curvé of a
mixture to thé summation of the individual component curves, as illustraﬁed
in Fig..2ﬁ,‘ Here the dotfed curve was regenerated from the spectfum recordéd'
for a known mixture of triolein, cholesteryl oleaté, aﬁd oleic acid. These
represept £he nénphospholipid"cOmponents from serumiwhich:can_be measured in
this spectral interval. Thévupper solid curve is the sﬁm at evefy abscissa
point of the ordihates,of the three lower curves, wanich 5re spectra of the
standards. Component concent:ations indicated for ﬁhe standards ars tTaose
determined py the computér by.a least-squarss curve fifting méthcd,_such
that the summation curve is the best possible fit to the recoried curve. The
average error for triglycerides and gholésteryl ﬁstgrsvin a series of such
vmixtufes was about 3%. Since the amount of fatty écid islveiy srall the

1

relaﬁiVe error fér this component is high'- abdut 20%33t the level in the
example used ﬁere. Although an accﬁrate determination_of
__is'not fq bé expectea under these con@itions, a useful analysis for them
should be possible by careful refinement of this metnod.
_Two_poSsibilitieé may be suggested for using a compgter to assist in’
thevanalysis of toﬁal unfractionated serum lipids. 'One is an elaboration
of thé method outlined in the pfevioughsegtion, wnerein total lipids, total
cholesterql;'ésterified fatty acids, and totalvphospholipids are determiﬁed.
Modifipations to that.proéedurevﬁight include replacemehﬁ of peak absorbances

by band area measurements and use of an iterative calculation with adjustable
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consﬁants. “The second approach ié'to analyzg.the Cafbonyl baﬁd for'tﬁe_three
major eéter components_by the»léast—sguarésvcurve.fitting procedure mentiohed
above. _A.preliminary.investigation of this method has been reported (14), but
more developﬁent work 1is needéd in theée areas. Since neithef method determines,m
all components some combinétion of ﬁhem.may be necessary for a fotal'analysist

There ié a clear trend.toward‘the use of compgters in conjunction with
-.several aspects of infrared spectroscopy, as there is indeed with nearly all
analytical systems; Although the automation of relatively simple analyses is:
a worthwhilé function, it is often the'capability'of perfofmihg rore sophiéti—
cated or complex analyses that makes the computer attractive. TIn this réspect

vlood lipids are still a chalienge. As instrumentation develops, infrarel

spectrophotometers will become more adaptable o direct interlacing =
puters, thereby eliminating the intermesdiate stage of recordirg data on taps.

It seems probable that in

[4)]
1
5
|...J
l._J
O
[17]

ing blood lipid analyse



FOOTNOTES
11 pme= 1 micrometer = lO-6meter - 107 3m (formerly u, micron).

2 -1 ' A -1
1 cm ~ =1 wave per centimeter (1 pm = 10000 cm ).
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'TABLE I. -ESTER AND CARBOXYL GROUP FREQUENCTES OF LIPTD CLASSES
(TN cel, SOLUPION) |

C=0 : c-oF
. -y -1
A (um) (cm A (1m) {(em ™)
Triglycerides 5.73 15 8.6 1160
Phospholipids 5.76" 1737 - 8.55-8.6 1165-1170
(Esters) - ‘
Cholesteryl Esters  5.78 1731 8.55 1170
Methyl Bsters 5.7k '17u1 8.55 1170
Fatty Acids 5.8 1710 . 7.8 12807

1 Only the principal band of the CaO—C’grqu is given. The

second. is not well identified.

2 In fatty acids the C-O vibration is coupled with O-H pinding,
giving rise to a second band at about 7.1 pm (1410 cm 7).

PL



' TABLE II. LIPID COMPOSITION OF PRINCIPAL SERUM LIPOPROTEIN CLASSES,

' BY INFRARED ANALYSIS

(Average % of Total Lipid + Std. dev.D) |
Cholesteryl Unesterified

Lipoprotein Triglycerides Esters Phospholipids Cholesterol 2
VIDL (males) = 60.L + 6.6 - 17.2 ¢ 3.7 19.0 + 3.5 3.4 + 0.7
" '(femalés)‘- 58.l.i L.5 20.6 * 3?é' 17.1 + 5.0 - Lh.2 + 0.7
IDL  (males) 9.h + 2.4 55.1 %#1.5 2k 2.3 11.0 + 0.3
" . (females) 9.3 + 2.3 53.4 + 1.5 26.6 + 1.8 10.6 + 0.3
HDL (méles)‘ 8.8 + 2.3 - ho.7 + 2.2 h0.1 + 2.4 8.k + 0L
" (females) ~ 6.8 = +

2.1 . 1.8 + 2.3 43.1 £ 1.7 8.3 0.h

Analyses of ultracentrifugal preparations from sera of 16 normal males and

16 normal females.' Values have been adjusted proportionally to total 100%

“of extracted lipid weight.

2

Not measured. (Calculated as cholesteryl esters x 0.20.)

gL .



TABLE -IIT. CARBONYL BAND AREAS FOR REPRESENTATIVE LIPIDS (1690 - 1790 cm‘l)

"aCompound_ C‘(mg/ml)' ;ﬁ) BépdvArea - B/C B‘/CFAl
Triolein 0.89 - 3.54 3.72 - 1k.51 4.16 - 4.09 1&,35 - 4,28
Cholestefyl‘ ,1.9& - 7.75 - 3.70 - 14.61 . 1.91 - 1.83 L.hp - h.op
Oleate . _ : » : _

Lecithin (Egg) 2.38 - 5.96  T.7L - 19.16 - 3.24 - 3.18  L.uh - 4,38
Méthyl Oleate 0.78 - 5.29- 3.20 - 21.50 4,16 - .06 . h.37 - k.26
Oleic Acid 0.75 = 3.0k k.23 - 17.28  5.71 - 5.63 5.71 - 5.63
Cholesterol - 2.02 - 9.09  0.13 - 0.18  0.063- 0.053

‘1

Cpp = Conc. of fatty acid (mg/m1)

(From Ref. 1h.)
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TABLE IV. ABSORPTIVITIES OF_VARIOUS LIPIDS IN THE.C_H2 BENDING BAND

1

COmpdund ' - Q,” Peak . 6,2 1490 - l390»cm_l B, 1470 - 1420 em™t
“Tripalmitin . .0515 - . 1.68 I Y
Triolein . ~ .43 1.6k | o127
Trilinolein. . -.0380 1.61 119
Cholesterol = - .0509 1.49 ' 1.25
_ Palmitate L ' . :
Cholesteryl T (S . L.50 o : 1.2h
Oleate - - - . o ' v
Cholesteryl - 0450 1.46 | ~1.19
Linoleate = - ' _
Cholesterol .obk6 ©1.38 R 1.19
. Lecithin (Egg) .ok2h 2.08 | o o1.31
Diolein - .0h28 LTt - 1.30
Monoolein .ohok 1.8 1.26
1.0 e
O = Absorbance per mg/ml
2 " .

B = Band area per mg/ml

(From.Ref{ 1k.)

Ll



Fig. 1.

78. ~
FIGURE CAPTIONS

Infrared spectra of solvents (Reagent Grade) in 1.0 mm cells. Broken

" lines indicate absorption bands of ethanolv(as,normally present in

Fig. 2.

- Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6. -

Fig. T.

CHC1. as a preservative).

3

Infrared spectrum of white mineral oil (Nujol). Capillary film be-

“tween NaCl plates.

Infrared spectra: Palmitic_Acid (Hormel) 5 mg/ml and 15 mg/wml.
Oleic Acid (Applied Science) ~ 0.0 mm.

~ Linoleic Acid (Hormel) 0.0l mm.

Infrared spectra: Palmitic Acid (Hormel), solid.

Methyl Palmitate (redistilled) 7 mz/ml, 1.0 mm call.

Methyl Zlaidate (Supelco) .~ 0.01 mm.

Infraréd spectra: Methyl Oleate (Hormel) ~ 0.01 rm.

3]

Methyl Linoleate (Hormel)  0.02 mm.

Methyl Arechidonate (Hormel) ~ 0.0l mm.

Iﬁfrared_spéctra: Tripalmitin (Hormel) T ng/ml, 1.0 m cell.
Tripalmitin (Hormel), solid.

Trilinolsin (Hormel)rv 0.01 mm.

Infrared spectra: Triolein (Hormel) ~, 0.02 mm.
Diolein (Hormel) -~ 0.02 mm.

g T ey st s [T | Sy
-dioncolein (wvszlocls) - w02 .
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Fig. 8. Infrared spectra: Cholesteryl Palmitate (Supelco) 10 me/ml, 1.0 mm cell.
Cholesteryl Palmitate (Supelco),_solid.

Cholesteryl Oleate (Supelco) 10 mg/ml, 1.0 mm cell.

Fig. 9. Infrared spectra: Cholesterol (Hormel) 10 mo/ml 1.0 mn cer.
Cholesterol (Hormel) solid.

Cerebrosides (Lovine, Supelco), solid.
Fig. 10 Infrared spectra: Lecwthln (e g, Analaos)fvro 02 nmm
Dipalmitoyl Le01un;n (Supelco), solid.

Lysolecithin (Supelco)~ 0.0l .

Fig. 11 Infrared spectra: Sphingomyelin (bovine, Applisd Scisnce) v C.02 .
g i By ) 38 J

Plasmalozen (Atnaquauwn ) (white metisr, Suzelec)

< 0.0l mm
‘Fig. 12 Infrared spectra: Phosphatidyl Serine (Su;elco), solid. *
Prosphatidyl Inositol (Supelco), solid.

Cardiolipin (Applied Science) ~ 0.0l mm.
Fig. 13 Infrared spectra of serum lipoproteins. Dried films on AgCl Plates.

‘Fig. 1k -Infrared upectra of egg llpooroteln and some OL its components. A, (&)

.

"m01st fllm, (b) dried £ilm; (c),film after extraction with acetone; (d)

film after extraction with 1:1 alcohol-chloroform. B and C are C52

solutions.. (Fram Pef. 37.)



Fig. 15

Fig. 16

Fig. 17

Fig. 18

Fig. 19

Fig. 20

80

Methods for estimation of IO;. Upper: paseline. Lower:'émpirical_fatio.

(From Ref. 3.)

Infrared spectrar(cs2 solutions) of serum 1ipid fractions obtained by

chromatdgraphy on silicic acid. A, cholesteryl esters (broken curve is

solvent background). B, Glycerides, fatty acids, cholesterol (two ex-

. amples: broken curve, no fatty acids; solid curve, Tatty acids presant) .

C, phospholipids. Small letters designate bands used for measurements.

(From Ref. 56.)

Carbonyl absorption bands of triolein and cholesteryl olsate. Solutions

in CCl): triolein, 3.11 mg/rl; cholesteryl oleats, T7.16 mz/ml. <Call
thickness, 1.0 mm. Frequency scale expanded to 5 timess normel. (From

-Ref;‘u8.)

Infrared spectrum of a total 1lipid extract Trom sarum. 10 mz/ml in

cC1,. Cell thickness, 0.9 ma. (From Ref. 13.)

S s 7 . -1 ; .
Infrared absorption bands of triglycerides (1T4S5 cm ) .and residual

water (1640 cm_l) in NaCl pellets (1.5 mm dia.) made from lyophilizad

- chylomicron preparations. A baseline for the solid curve has been

sketched in (dotted curve). (From Ref. 66.).

cis double bond absorption in triglycerides. Solutions in Cs,, 40 mg/ml1,

0.9 mm cells. Differential spectra, tripalmitin solution in feference

s
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Fig. 21~ Infrared spectra (9.5 - 10.5 um) of methyl oleate-methyl elaidate mix-

‘tures CS, solutions, 15 mg/ml, 3.5 mm microcell. (From Ref. 63.)

Fig. 22 Carbonyl absdrptibn bands of representative serum lipid types.  Con-
centration of each has been adjusted to a fatty acid content of

3.0 mg/ml. CCl, solutions, 1.0 mi cell. (From Ref. 1k.)

Fig. 23 ‘Infrared spectra of representative serum 1lipid types in the region of
CH2 bending absorption. Roughly comparable concentrations in CClu,

1.0 mm cell. (From Ref. 1k4.)

Fig. 24 Dotted curve is a computer plot of the recorded spectrum (17S0-16350 cm
of the mixture of three lipid components indicated. The approximasely
superimpos=2d solid curve is the summation of individual purs component

(lower) curves, calculated as a least-squares fit. (From Ref. 1k.)
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, 'completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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