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ABslRAcT 

-Many temperature dependent physical and chemical changes atso involve 
changes in the optical properties of the sample; i.e., changes in the amount or cofor 
or polarization of light refiected from or transmitted through the sample. When an 
accurately measured temperature is changed in a prescribed manner, a very precise 
determination of the occurrence of a phenomenon can be made since the visual 
changes are often very large. 
Applications of a new apparatus for precise tbermometry based on this method are 
shown. Organic and polymer fusion phenomena are described, 

I-NTIWDIJCITON AND DISCUSSIOIQ 

Many temperature dependent physical and chemical changes also involve 
changes in the optical properties of the sample; i.e., changes in the amount or color 

Fig. ia The ca~iI.Iary ~I~g-~~t apparatus of Thieie. 

*Presented at the Recent Advances in Thermal Analysis Symposium, American Chemical Society 
Meeting, Houston, Texas, U.S.A., Febriswy 22-27, 1970. 
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112 H. P. VAUGHAN 

or the pokrrization of ‘fight reffected front or transmitted through the sample, Although 
such observation gives httIe or no information regarding possible mass changes or 

E ----iiqhl saxa 

Fig. lb. The ektridly hated microscope hot stage of Kofkr. 

the ener_q invoked in a transformation or reaction, very precise determination of 
the occurrence of a phenomenon can be made since the visuaf. changes are often very 
Iarge, Samples as small as 2-3 mg can be obsened with the unaided eye, and samples 
smaher than a micro_- can be observed with a simpIe microscope. When the 
temperature of the sample is changed in a prescribed manner, precise observations 
of the phenomenon and the temperature at which it occurs can be made. Tne capilfary 
mehing-point apparatus of Thiefe and the microscope hot stage of Koffer were both 
based on this measurement principIe’- 2 (Fig. 1). 

The most importanr applications for this technique have been in measurement 
of meking points and ranges used for identification of materials, level of purity 
measurement and construction of phase diagrams_ Many other usefu1 applications 
have been found, such as studies of crystal growth, polymorphism, decomposition 
and ev-idence of :hernicaf reaction w&h other compounds, particukr~y in the case 

of tie hot stage rnicroscope3_ 

t 

j 

Fig 2. The melting-point depression of bcnzoic acid with known amounfs of acctanilide as the 
ad&d impulity, 
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The ultimate usefulness of any of these applications, however, depends iargeIy 
on how precisely a phenomenon such as melting can be observed and how accu- 
rately the corresponding temperature can be measured_ Detection of small changes 
in p~r?;*~ or precise mofecular weight determination procedures by the Rast 
method:” *may involve temperature differences in the melting point of onIy a few 
tenths of a degree. T~his can be readily seen in Fig. 2 which shows the relationship 
between melting-point depression and moie-percent impurity of benzoic acid with 
acetanilid as the measured impurity_ 

The relationship, which can be applied to impurities not sofublc in the solid 
phase, is based on a knowfedge of the cryoscopic constant, dHJRTO*. The relationship 
is expressed as: 

Mole % impurity = IO0 (dH,/RT,‘) dT 

where: 

AH, = 

R = 
To = 

AT = 

heat of fusion of the pure substance, ca.Ijmofe 
the gas constant, cal/deg.moIe 
the melting point of the pure substance 
the temperature difi’erence between the finaI melting point of the impure 
sample and T, 

The cryoscopic constant of many organic substances lie5 between 0.75 and 2, 
which means that the meIting-point depression (AT) would be, on the average, 
between approx, I_3 and 0S”C per mole percent impurity. 

Memremerrr of temperature 
Temperature measurement of very small samples presents some difficult pro& 

lems, particuIarIy if the temperature is being dynamically changed as is the_ case with 
most melting-point procedures. In an ideal case (Fig. 3, dashed line), the temperature 
of a pure substance rises along with the temperature of the heating bath or furnace 
until it reaches the melting point. At the meIting point the bath temperature continues 
to rise while the temperature of the sample remains constant for a length of time 
sufficient for the sampte to absorb energy equal to the heat of fusion. The tempera- 
ture of the now liquid sampfe then rises rapidIy and continues to follow the bath 
temperature_ 

It is not possible, however, to measure the actual sample temperature but onIy 
the temperature of some measuring element (thermometer bulb, thermocouple or 
resistance thermometer) placed close to, or in contact with, the sample. Even in the 
best of cases, a layer of liquid melt will separate the temperature element from the 
remaining solid sample. Any attempt to measure the actual meft isotherm of a small 
sample, will resuft in the measured temperature diEering from the true sampIe temper- 
ature, the extent of which depends on (a) the total heat capacity of the temperature 

Thenrz~cJxim. Ado, 1 (1970) 11 l-i26 



114 ELF. VAUGfuN 

e&mea compared to the sampIe, (b) thermal conducted of the element ~conduc~on 

along the thermocouple wires or up the stem of a thermometer, e?c.), cc) the degree 
of contact between the sample and the eIement7. The soIid Iine in Fig. 3 shows the 
resulting act& tern-ture measurement of sample of p-nitrotofuene melted in a 
2.3-mm capillarv with a thermocouple imbedded in the center of the sample. * 

Fig.- 3- Heating curve of pnitrotoluene measured by imbedding a thermocouple in the sample. The 
da&xi liac shear the sctual measured temperature of the thermowupIe junction. 

The true melt isotherm cannot be measured accurately unless the mass of the 

sample is very huge in comparison to the mass of the temperature element and the 
mass of the remaining solid sample is Iarge compared to the mass of the melt. This 
cor~dition is achieved with the very accurate, isothermai NBS tripIe point cell method, 

but IW4KI g of material is normally used*’ 9, making it impractical for routine tests_ 
The common sofution to the problem of measurement of thz temperature of 

emaH sampfes has been to pface botfi the sample and the temperature measuring 

element in a common oil or air bath. fn a well designed system, the sampfe tempera- 
ture and m-u&g element temperature will be quaI (at moderate rates of heating), 
except during the mnce of enthalpic phenomenon such as endothermic melting, 
The difierence between the true sampfe temperature and the bath temperature during 
melting for exampIe, will be a function of the heating rate and time required for 

m&.&g. 

Fig_ 4 shows that there is an appro.~a~~y linear refationship between the 
apparent melting range (the bath temperature interval between the canning of 
melting and the disappearan co of the Zast crystal) and the square root of the heating 

rate. If a pure substance which melts isothermally is assumed, then the temperature 
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difkrence between the solid sample and bath, d T, at any time during melting, tx, 
would be equal to (t,- t,)(dT/dr) where f, is the time of the beginning of melting 
and A T~Az, the heating rate. A I is also the mdting range, so that the time required 
for meking at a given heating rate depends on the rate of MC’_ flow from the heating 
source, the mass of the sample, its heat of fusion, and the thermal conductivity and 
specific heat of the liquid melt around the remaining crystals - or the sum total of 
factors affecting the rate of heat ffow and the amount of heat required to melt the 

I 2 3 4 ccxllir~~ 

d.2 i ; i lb %hb 
neaticq iia:a 

Fig. 4. The apparent metting range (indicated bath temper&& from the beginning of mefting to 
the melting of the Iast crystal is shown to be proportiona to the square root cf the heating rate. 

sample. All other things being constant, variations in heating rate aIone will cause 

substantial variation in the a~purent melting raoge and in the apparent melting point 
of the Iast crystai. Impurities in the sample will form lower melting-point mixtures, 
which will cause a real increase in the melting rauge as well as a lowering of the melting 
point of the la.st crystal (FI,. -= 9). Small levek of impurity cannot easily be detected, 
therefore, unkss the heating rate (and, consequently, the apparent meking range) is 
under very strict controi. 

Thus, it is obvious that control of the rate of heating is as important to accurate 
measurements as the absolute accuracy of the temperature measuring eIement. 
Accurate control of heating rate was rarely rea.Iized with previous t_vpes of mehing- 
point apparatus, where heating-rate contror was achieved through manual control of 
an autotransformer or Bunsen burner. Regardless of the type G_’ detection system, a 
prerequisite for accurate measurements is a linear and reproducible heating rate 
which can ‘best be achieved through a carefully designed automatic temperature 
control system. 

Fig. 5 shows a schematic of the temperature measurement and control system 
used with the Mettler capillary and thermal microscopy melting apparatus which 
were used in all the examples shown, Temperature is xeasured with a platinum 
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resimce element placed in very close proximity to the sample holder. Power to the 

heating elements is proportionally controlled by the difference between the resistance 

of the temperature element and the resistance of a motor driven potentiometer. The 

potentiometer resistance curve has been matched to the platinum sensor resistance 

curve by a shaping network. As Iong as the actual temperature and required program 

I __________~~____-__________--~_____,__~_~--~~~_____~ 

Fip, 5. Schematic control system of the Mettler FP-I and FP-2 capilIary snd microscope melting- 
point instruments. 

temperature are i’i agreement, the rotation of the program sigxil generator motor 
will be in Iinear function of temperature. In this way, it is possible to give a digital 
temperature presentation by connecting the linear program signal motor to a series 
of counter wheels, Resulting temperature measurement and control accuracy is 
+O_l “C befow 100 and f&l% above iOO”C, Program motor speeds corresponding 
to heating rates between 0.2 and lO”/min are s&c&d in definite steps, thus assuring 
.reproducibiLity of the program rate. 

Oiiserration and measurement of change in right trmtrmission 
AItioug!i phenomena involving changes in light transmission or color can 

be observed directly, the hmnan eye is subjective and results may differ widdy from 
observer to observer- Constant visual observation of the sample can also be sery 
tedious, especially when slow rates of heating and Iong observation times are required. 
Electronic observation by means of a photoresistor, amplzer and recorder combi- 
nation provide an objective and automatic rnas of obtaining reproducibie data 
5&ich is continuous throughout the temperature range of interest. Two systems 

suitable for detection of light-transmission changes in a capillary sample holder and 

on a microscope slide are shown in Figs_ 6 aud 7, 

Iin the CapiIkuy system sho%n in Fig- 6, the locations of the capi&ry, light 

source, and photoresistor are fixed. Powdered samples are normally packed to a 
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height of 3-4 mm in the bottom of a disposable glass capillary. Fats, 0% or waxes can 
also be easily loaded into the capillary in their melted state by means of a long syringe 
and then allowed to so!idify_ The tied location of the sample and constant Iight 
source give results which are easily reproduced without readjustments to the system 

O- 

Fig. 6_ Schematic figure of the heating block of the capiIIary melting-point unit: a) almninium heating 
block. b) light source, c) glass rod light pipe. d) photoresistor. e) leaf spring capillary Wbe support. 
f) capillary tube sampIe holder (1.2 mm diameter). A platinum resistance element is imbedded in 
the heating block symmetrically located with respect to the capillary sample holder. 

or to the recorder. Fig. 8 shows the excellent agreement of results obtained by the 
mefting of ten different samples of anthraquinone recorded at 0.2*@1in. The total 
signal change on the recorder is approximatefy 80 mV. As the substance goes through 
the melting process in the capitlary tube, the yet unmelted crystals move or rotate in 
the liquid melt. The photoresistor detects this movement and records it as random 

Fig, 7. Microscope hot stage, showing a photoresistor used in place of the normat microscope 
eyepiece; A) photoresistor, 3) pofarizing fifter, c) heat fifter, D) heating elements, E) upper and 
Iower heating platens, F) metsI enclosure, G) coofing gas flow, El) pofarizing filter, 3) condenser Iens, 
K) light source, R) platinum resistance-temperature detector, S) sample carrier slide. 
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jumps on the recording curve which can be clearly seen in the f&m. These small 
jumps are usually of no sign&axe when recording curves of pure materiais. Fig. 9, 
on the other hand, shows a curtie with a broad shoulder which in this case is the effkct 

Fig. 8. Photograph of the recording of the photomrtric curves of ten diffkrmt szunpks of anth.mqui- 
nolte Wisher Tkmu&ic” Standard T,P, 2S423’c) heated in a capiffarv tube ai 0_2”/min, I& 
ruxxdnchart was rctumcd each time to the same bcginniag point, so that aIl curves could be recorded 
on the sarce section of chart; SO% of the values fall within I_O.1)75”C_ 

Fi& 9, PhOtOmCtiC ames of the capiikqy meking of adipic acid, bcnzoic acid, and it mixture ox 
tk two- The adipic-bmzoic acid c&cstic melting can be sea at 105’C foflo%ti by the gradual 
JnckiRg of CXCCSJ adipic acid up to i4S’C. 
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of a huge impurity - 32% be.nzoic acid in adipic acid. Eutectic melting can be seen 
at about 105°C followed by the mehing of excess adipic acid until about 145°C. 
Fig. 10 shows the melting and decomposition behavior of refined and raw sugar. The 
decomposition of the retied sugar takes place over a very narrow rauge just above 
2OO*C, whereas the raw sugar shows decomposition beginning just after melting. 
Decomposition is detected by the photoresistor by either detecting a change in color 
of the dear melt-usualiy to brown or black-or by detecting the formation of a 
large gas bubble which pushes the sampie out of the path of the light beam. 

Meif iag r$?comPorif.ion 
. 

175.0 f8S5.0 195.0 -lkmpcrfmut PC> 

Fig. 10. The melting and decomposition of refined sugar (above) and raw sugar Qelow). Decomposi- 
tion of the refined sugar is denoted by the spike at 2OO*C Decomposition of the raw sugar t&es 
place over a much broader range_ 

The exampIes shown so far have been with materials which change from 
essentiahy opaque white solids to cIear liquids. The total signal change of coIored 
substances depends on the color, The color response of the CdS photoresistor used” 
is given in Fig, 1 I, showing the weakest response to bs in the blue region. Fig. 12 
shows the melting of azulene, which is a dark blue liquid when melted. Even though 
the signal is reduced, the melting behavior is ciearly evident. Even with substances 
transmitting a nearly full color spectrum, cases occur in which the to&I change in 
transmission is very smali. Fig. 13 shows an example of the melting of a Z-3% 
dispersion of pan&in crystals in otherwise clear fuel oil, in which the signal change 
is only about 10% of that of an opaque substance but still a rehabie indicator of the 
melting p~nomenon. 

~CML ACM, I (1970) 1 I l-126 
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Fis_ i I- Spectrzii response of the CdS photoresistor used in both types of m&.ing apparatus_ 

too- 
950 IOOB IO!!5_0 Ttnrpcrotw~(~Cf 

Fig, 32 Photometric curve of the capillary melting of dark blat zux~Icnc. Photoresistor signal change 
is m&ccd to aixxtt 2j3 of the normai signal change (80 mW. 

0-i 

( _ 

; PC&e- 

13: . 
-20 -IS -I6 -17 -is 15 -u -T3 -i2 -41 -IO -9 -6 -7 -6 -5 

z’t 

Fig. 13, Tk meking of a Z-3% par&in cloud in clear fuel oif. The totzl signa! change is only about 
f W’o of the normal signal change for an opaque substance. 
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The melting ranges of Aatively pure substances (395%) are comparatively 
small and their resulting melting curves are sharp. In these cases it is possible to 
evaluate a characterkiic melting temperature digitally withcut the use of a recorder. 
If a voltage sensitive switching device (in this case, a variation of the classic Schmitt 
Trigger) is preset to switch at a specified voItage value corresponding approximate& 
to a point at which the melting process is two thirds complete, this switch closure can 
be used to lock a digitaI counter which until this time has shown the vaiue as the digital 
program tempera~re indi~tion. This value was chosen by test as the most reproduc- 

ible value on the melting curve and the one which, by taking into consideration the 
effect of heating rate on the apparent melting range (Fig. 4), best approximates at 

slow rates of heating (e.g., 0.2”/min) the equiIibz;um qelting temperature. The accu- 
racy and reproducibility of this indication method has been shown to be better than 
0.1 “C when compared ~3 the isothermal tripfe-point technique with such standard 
pure substances as benzoic acid’ I. 

Table I shows the use of this digital indication technique in the evaluation of 
the progressive purification by crystallization of a preparation of azobenzene. Ait 
measurements were made at a heating rate of O.20/min. 

TABLE I 

PUR.IFICATION OF AZOBEXZE?JE 

M-P-’ cc) Cl (“0 

Original preparrttion 67.08 10.14 
1st Cxystilization 67.79 10.08 
2nd Crystallization 68.10 Ifio.10 
3rd Ckystallization 68.18 &O.lO 
4th Crystallization 68.21 fO.OS 

‘Mean vzIue of nine separate measurements; indiGdual measurements are read to the nearest 0.1% 
only. 

Thermal microscopy 
Photometric measurement of samples on a microscope hot-stage presents a 

problem only in that the amount of light being measured depends on the type of light 
source being used, ma,gnScation, size of the sample, etc., in relation to the field of 
view. Polarized light is normally used with anisotropic substances to increase viewing 
contrast. Most crystalline organic substances, for example, appear brightly colored 
under polarized fight, whiIe the amorphous @ass slide and Iiquid melt zppear as a 
dark field, Considerable variation in color and in fight intensity may be found under 
polarized light even with the same m&terial due to differences in orient&ion of the 
crystal, crystaI size and thickness of the sample layer. Best viewing (and recording) 
conditions are achieved when the sampie has been previously melted and then sIowly 
recrystalIized between the slide and a cover slip. Polymer films and fibers, however, 
must usuaify be measured without premelting because the additional therm& treat- 
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nmtt may cause structnd changes and will, in any event, eliminate the chance of 
observing &aracter&tic changes in birefringence of highly crystalline drawn f&ns and 
filbers normally seen beginning 50 to 60°C below the fkaI melt temperature (Fig. 14). 

Fig. IS shows s~km&aneous photomicrographs and photometric recording of 
the growth and melting of a singIe crystal of vaniilin. The crystal was grown by first 
meIting about 0.5 mg of vanillin under a cover slip in the hot stage, freezing it quickly 

‘ 

t 
4, .a 
: i 

=” ; , 
I . 
2 t - -3 
"0 
i 

140 150 Is0 no mo :so 2u2 240 220 230 240 250 260 

7-c 

Fig, 14. The meking of hlyIaP film on the micruscope hot stage. a) Initial melting showing bright 
binfhgence color changes, b) second melting after recrystallization showing only a change from 
gmy-x&ire to black at 26WC Color changes during the initial me&&g are presumabIy due to stress 
imparted during tke drawing of the f&n_ 

T..C 4 

Fig. lS.-me microsco pe hot stage melting at 02.“/min of a single g-rowing crystal of vanillin (curve a) 
siintitaneousiy raorded and photographed. The dark area in the photomicrographs is liquid vaniilin 
tit as it appears between crossed poiariring filters_ Curve b shows a calibration recording of the 
~IUWQI and melting of a singJe crystal of naphtha!ene in liquid naphtha!cne (certifkd triple point 
8027-q. Ihe peak of both clifycs represents the point of maximum crystal size and thus can be 
o~usidered to accnrateIy indicate the equilibrium melting point. The crystal masses in toth cases 
are on the order of 0-5 pg. 

*Trademark E I. Dupont Co. 
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at room temperature and then remelting it in very sd isothermal steps up to 
about 81 *C_ Just before the fast fragment of crystal mehed the tempera%vre was 

dropped to 80.4”C and held isothermal afiowing the single crystal to grow in its own 
melt as is shown in the fkrst three photomicrographs. The mass of the crystal at this 
point is about 0.5 Pg. The temperature was then increased linearly at O.Z”jmin. The 
recording of Iight intensity as a function of time and temperature shows increasing 
gro=ti of the size of the crystal zmtil Sl .O”C after which it rapidly decreases in size 

until it is completely mefted at 8125°C The ~hoto~~ophoto~ap~ show initial 
surf&e erosion as early as 80.8”C which also appears as a reduction in the rate of 
increase in light inter&Q. The isothermal equilibrium melting point can be closely 

estimated by this technique as between 80.8 and 81.O”C. 
A second subsequent calibration test with the same apparatus was made using 

the same single crystal growth techniques on a sample of a Fisher “Thermetric” 
standard naphthalene which had a certified triple point’ of 80.27 -&O.OS”C. This test 
is shown as curve b on Fig. 15. The curve maxima occurred at an indicated value of 
80.3 “C, showing excellent agreement with the previously certiged value. 

Fig. 16. Microscope hot stage melting of sections of nylon cut from the same length of iiber. Bire- 
fringence completely disappears in all three cases at 257 ~k0.2”C. Bright coIor rhal:?es which show 
up as peaks and valleys on the recording, are similar to those seen in the drawn Mylar {Fig. 14). 

Fig, I6 shows three melting curves of single fibers of nylon cut from the same 
length of fiber. Variations in the signd prior to melting are due to changes in the 
birefringence color between blue, red and yellow. Polymer mehing-point determi- 

nations, in particular, lend themselves to the microscope rather than capillary tech- 
nique since it is very difi!icult to load fibers or film into a small ca$llary, whereas 
mounting even a singIe fiber on a microscope slide is a simple operation. The reverse 
phenomena or rates of crystahization of polymers at various isothermal temperatures 
measured by a microscope, photometer, hot stage ~mbination has been described in 
detail by MagiUX3 in 1961. 

Thamochin. Acru, 1 (1970) Ill-126 
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Visual observation, made possible by the microscope, is very useful in many 
types of _xasurements when performed by an experienced observer. Photometric 
B-fX0@-!g, ‘+imtxer, is a ujefuf supplement in that it may provide a continuous 
dynamic record of data as a function of temperature, which is useful in many meas- 
urements and specially useful in rapidIy communicating observations to others’ 4* l 5. 

In the case of polymer melting-point dete~nations~ photometric recording has an 
advantage over visual observation in that mehing ranges are rektively wide and, 
therefow tedious to watch at slow rates of heating. In the case of low crystallinity 
materkk such as low-density polyethylene, the gadual change in bisefringence 
contrast is very subtle and may be partially missed by the human eye (Fig_ 17). 
Time-lapse cinemicrography and still photomicro_mphy are additional techniques of 
recording thermal microscopy data when the additional details recorded warrant 
the time and effort_ 

Fig. 17. Microscope hot stage melting of polyethylene fifm. Bircliingence appezs as a dulf grey 
with sIowIy decreasing Intensity until melting is compietc at 1 EST. 

The technique of differential thermal an&lysis is presently widely applied to 
both calorimetric measurements (heats of fusion, transformation, etc_j as well as 
thermometric measurements (melting points, solid state transformation tempera- 
tures, etc.). 

The measure-d thermal effects in differential thermal analysis have been shown 
to be prcportiond to the square root of the heating rate, as well as a direct function 
of the size of the sample, The resolving power of a gi-/en DTA apparatus, however, 
is an inverse function of the size of the sample and heating rate’“- IT* ‘*_ Very small 
samples at very slow heating rates often do not produce a measurable signal. Low 
energy processes at isothermal temperatures cannot be measured at alI. Optical 

properties, on the other hand, are compIeteIy independent of heating rate. Transforma- 
tions, fusion phenomena, decompositions, may be observed at constant or linearly 
changing temperature over a period of hours, if desired, wi=& no loss in measurement 
abiity. Small mass sampIes rather than reducing the measured effect, as is the case 
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in DTA, actually enhance clarity of observation. The size sample required for thermzd 
mkroscopy at standard ‘00x magnification ranges from a few nanograms to a 
fraction of a milligram. 

I ‘ I * I 1 I I 

T.=C 42 44 46 48 

Fig_ 18, Simultaneous DTA and photometric measurements of the monoclinic, octahedral transfor- 
mation of tetrabromomethane. The octahedral form is isotropic, whereas the monocIinic form is 
brightly coIored, making the transformation easy to follow both vistily and photometrically. 

Tests have shown that visual phenomena associated with fusion and with 

transformations occur over the same temperature range as the enthalpic phenomena 

Fig. 19. DTA and photometric measurements of MyIar film, showing the relationship between change 
in birefringence and various points on the DTA curve. The DTA peak corresponds to the point 
where the polymer first ‘%vets” the microscope slide cover glass. Birefringence persists, however,’ 
until the end of the DTA peak at 259°C 

l?Lvmochim. Actu, 1 (1970) Ill-126 
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measured by DTA. Fig, 8 shows the monoclinic to octahedral tramformation of 
tetrabromomethane, measured simultaneously by a microscope photometer and by 
a GTTA thermocouple mounted on the sample carrier slidet6. The higher-temperature 
octahedral form is isotropic, whereas the monoclinic form is brightly colored between 
crossed poU ‘The change in crystal form is very easy to follow with the photo- 
meter. fig. 19 shows the simultaneous photometer-DTA measurement of a thin f&n 
of Mykr, again between crossed polarizers. The photometer measures the change in 
birefringence order as the sampIe changes from green to red to green and finally to 
orange, white, gray then black, during the finaf photometer peak. The sample &st 
appears to “wet” the cover glass at about 255°C. At 259OC no further birefringence 
persists, indidng tire complete change from crystalline to amorphous material, The 

DTA curve shows the same effect. Barrall and Gallegos described this same corre- 
spondence between DTA and microscopy although measurements were made on 
separate instruments rather than simuItaneously 1gs20_ 
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