NJC

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Volume 1| Number 1 | Jan2013 | Pages 1-100

‘Ajournal for new directions in chemistry 'ﬁﬁ
o

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
Or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
@HEMISTRV @

ROYAL SOCIETY .
OF CHEMISTRY WWW.rsc.org/njc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6 New Journal of Chemistry

Graphical abstract

200+ r200

T/°C

150+ -150

ascorbic acid 0.5 acetaminophen

The exact solid-liquid equilibrium between ascorbic acid and acetaminophen was established
combining high performance liquid chromatography and differential scanning calorimetry.
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Compounds that degrade upon melting, such as witaniare not convenient for temperature-

www.rsc.org/ composition phase diagram survey. To bypass sudlsadvantage, faster scan rates may oe
used to heat the samples. However in that caseth#nenodynamic solid-liquid equilibrium
cannot be reached, as the present study demorsstiatehe vitamin C/acetaminophen phase
diagram determination. In this work, high performanliquid chromatography has therefore
been used as a complementary tool with differerstta@nning calorimetry in order to determine
the appropriate liquidus point for various vitam@iacetaminophen mole fractions. Since a
classic thermodynamic approach is not sufficiemtdoch a study, the analytical experiments
we conducted provide useful data allowing us toedwaine the non-degraded vitamin C
quantity in the vitamin C/acetaminophen mixturesated for given temperature and annealing
time conditions.

Introduction analysed by High Performance Liquid Chromatography
(HPLC) to quantify the non-degraded VC rate asrection of

Vitamin C (VC), a pharmaceutical ingredient used masfafatigue, the molar fraction.The main text of the article sldogo here

and acetaminophen, prescribed against headachedesed are with headings as appropriate.

often associated in the same medication as mixedi@s to treat

colds and flu. The possible interactions in theédsstate between

these two substances were previously studied anddfresponding Results and discussion

binary phase diagram has been establidhBdt, although it is

known that VC degrades on meltihgothing has been reported in  DSC experiments were carried out on different médaction

the literature concerning the incidence of its degtion on the VC/acetaminophen samples at different heating ramgsrestingly,

liquidus curves. for compositions that were rich in VC, different D®Grves were
It is well known that VC degrades easier in theiiligstate observed depending on the scanning rate (Fig. 1¢rees no

than the solid state. It has been previously shtvan thermal incidence was observed on the shape of the melisak for

analyses carried out on pure VC at high scannitesrat least compositions that were rich in acetaminophen.

30 K.min?, allowed to bypass the degradation process on

melting? However, thermal investigations on mixtures betwee

VC and acetaminophen are more difficult to apprehieom a

calorimetric point view for two reasons, i/ at loscanning

rates, degradation of VC is enhanced, ii/ at hicgmsing rates,

the thermodynamic equilibrium conditions are nott.niEhe

present paper reports the phase diagram examindbebosal

analyses completed with analytical tools in orderquantify

VC degradation rate in the binary liquid mixturdsrstly,

thermal analyses were carried out on binary mistuaed the

incidence of the scanning rate on the determinatibrthe

liquidus point was then analyzed. Due to the twasoms

mentioned above, this dynamic approach did notwals to

position precisely the liquidus curve of the diagra

Furthermore, based on the fact that VC highly dégsan the

liquid state, different mixtures were heated akegitemperature

and annealing time conditions. The samples wersemurently

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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Fig. 1. DSC curves obtained for the 80/20 VC/acetaminophen

mixture. Scanning rates: 5, 20, and 60 K.fifiom top to bottom.

The temperature-composition phase diagram
VC/acetaminophen has been established from each D&€.cThe
eutectic temperature was set at the onset temperafuthe first
DSC signal whereas the peak maximum position of sbkeond
endothermic signal was taken as the liquidus teatpss. On the
left-hand side of the eutectic point, the liquidesperature is found

to increase with the scanning rate, in the two-phase region where

solid VC is in equilibrium with the liquid phase cposed with
liquid VC and liquid acetaminophen. This indicatdsatt VC
degradation occurs during its dissolution until tlygiidus point is
reached. On the contrary, the liquid-acetaminogiggidus curve is
not affected by the scanning rate.

However, a peak at 152 °C was obtained for all tB€Burves,
the corresponding intensity depending on VC molactfon. This

suggested the presence of a eutectic invariamisatémperature, as

reported in Fig. 2 and as previously founkhterestingly, the onset
temperature of the eutectic invariant is not saagnnate dependent,
indicating a low VC degradation rate in the solatet
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Fig. 2. VClacetaminophen experimental phase diagram. Tg]e

temperatures are reported as a function of thergeedte: 5 ¢), 10
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The enthalpy determined from the eutectic signakported in
Fig. 3 as a function of acetaminophen molar fractmd scanning
rate. This plot is commonly called Tammann plote@an observe
that the enthalpy is scanning-rate independent. eblar, the
eutectic point has been determined at(x69, for a mean eutectic
temperature equal to (1521) °C. This point has been reported on
Fig. 2 to help in the construction of the liquidugves. The two line
segments of the Tammann plot pass through x=0 afidwhich is
consistent with a total demixing between the twecggs in the solid
state. It is noteworthy that the melting data fer pure compounds -
VC from Ref. 2 and acetaminophen from Ref. 5 - wered usr
drawing the phase diagram.
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Fig. 3. Tammann plot for the VC/acetaminophen phase diags a
function of the mass fraction in acetaminophen. hthalpies are

reported as a function of the heating rates} (0 @), 20 (»), 40
(o), and 60 K.mift ().

As can be seen in Fig. 2, the liquidus curve cabeadetermined
precisely on the left hand side of the diagram wuthe degradation
of VC in the liquid state. In order to determine thect position of
this two-phase equilibrium curve, VC degradationezkpents have
been carried out in isothermal conditions, takingp iaccount the
fact that VC degrades more significantly in the iitstate than in
the solid state. After heating, the mixtures weverghed at 0 °C
during 10 minutes and then analysed by HPLC to oeter the
percentage of VC degradation. This annealing tingelbieen taken at
10 minutes to ensure that the degradation processocampletely
stopped. Such experiments were performed for coitipos that
enclose, for a given temperature, the two extremthe liquidus
curves. In order to optimize the plot of the liqusdcurve, we chose
three temperatures that allowed scanning the duove the eutectic
point to the melting point of VC. Then temperatuné460, 170 and
180 °C were defined.

The results are shown in Fig. 4. A break of slapeésible on the
fee curves. This could be explained by the faat within the two-
phase region, VC solid is in equilibrium with theudid phase.

(+), 20 (1), 40 (), and 60 K.mift (o). The dashed line representLonsequently, for a given temperature, when appiogclthe

the two extreme tendencies for the liquidus cuive, for the 5
(lower curve) and 60 K.mih(higher curve) scanning rates) (The
eutectic point was determined from the Tammann plot

2| J. Name., 2012, 00, 1-3

liquidus point, the liquid state is more and maneighed in VC. Itis
the reason why the percentage of degraded VC iresags to this
point. When VC is completely dissolved, only theuld) phase is
present. But, since the degradation rate dependg onl the
temperature, a constant value of the degradatitenafaVC is then

This journal is © The Royal Society of Chemistry 2012
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monitored. This may explain the fact that the secpart of the
curve is linear.

From Fig. 4, the degradation rate was determinedbéo
approximately equal to 57 % at 160 °C while the eetage
increased to 71% at 170 °C, and 79% at 180 °C. Ttegsiction
points were determined at x=0.27 + 0.02 for 160x€5).50 + 0.03
and x=0.55 + 0.07 for 170 and 180 °C, respectively.
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by thermal analysis (Fig. 5). One can then notibat tfor
compositions rich in VC: i/ the sample examinatignSC with a
scanning rate of 5 K.mthtends to favour VC degradation in the
liquid state, and ii/ on the contrary, a scannia of 60 K.mifl is
too fast and confirms that the equilibrium state hat been reached.
For compositions near the eutectic point, a scanrate of 5 K.min

! seems to be appropriate to determine a convelnjgidus point.

Therefore, in the region rich in acetaminophen lifiadus point
cannot be obtained for a given value of the scannate because
there is a correlation between the scanning rateth@ amount of
VC in the liquid state.
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Fig. 5. VC/acetaminophen phase diagram taking into accthmt
liquidus variations depending on the scanning eaté the liquidus
values determined from HPLC experiments (red hotaon

segments). The symbols for the scanning ratedarsame as in Fig.
2.

Taking into account the new liquidus points obtdity HPLC
for the phase diagram left-hand side as well asethubtained by
DSC for the phase diagram right-hand side (Table &),
thermodynamic assessment of the diagram was cardedsing the
EXTXD method® To do so, the liquidus curve was assessed bv
calculating the excess Gibbs energy in the liquiates using a
Redlich-Kister third order polynomial and takingdrgccount a total
immiscibility in the solid state between the twdstances. The best
fit was obtained for: 8" = x.(1-x)[100 -1000.(1-2x)], where x
stands for the molar fraction in acetaminophen.aA®sult, a new
liquidus has been obtained (Fig. 6). The correspangalues are
reported in Table 1 for comparison with the seléa&perimental
points.

Table 1. Experimental liquidus points used for the thermadyic
assessment and calculated mole fractions corresppn the
EXTXD result.

Left liquidus Right liquidus
T/K xqu exc xlia calc xlia exp xlia calc

Fig. 4. Percentage of degraded VC, as a function of theamol 453 0.27 0.30

fraction in acetaminophen, determined at diffetentperatures: 160
(A), 170 (B), and 180 °C (C).

These values and their uncertainties were repodedthe
VC/acetaminophen phase diagram together with theegsabbtained

This journal is © The Royal Society of Chemistry 2012

443 0.50 0.46
433 0.55 0.60

431.75 0.79 0.81
433.43 0.84 0.84
434.3 0.90 0.86
440.56 0.94 0.98
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As far as the eutectic point is concerned, theutated and the
experimental values match for x = 0.69 and T = 452

Differential Scanning Calorimetry (DSC) experimenésd been
performed with DSC 822e (Mettler Toledo) at heatiatgs from 5
~ to 60 K.min’. Calibration was carried out with high purity indiu

The thermodynamic assessment gives negative valu€" and zinc under an atmosphere of dry nitrogen gas.skmples were
for compositions rich in VC with a minimum value-80 J.mof" for  prepared by dissolving the desired proportionscetaminophen and
x = 0.20 and positive values on the other sidehefdiagram with a VC in a mixture of acetone and methanol. After avséwaporation
maximum value of 110 J.nibbbtained for x = 0.80. Although theseof the solvents, the powder containing the mixebstances was
excess values are small-scale, the sign inversioBd® may be collected. The homogeneity of each composition areg that way
explained in a physical point of vew. was controlled by statistical measurements.

A monotonous curve with no inflection point was aibed for The HPLC method was used to determine VC concenmntratio
the left-hand side of the diagram, in disagreemetit the previous solution and to detect the degradation productsumiog during
reported phase diagranmwhere the DSC experiments were carrieteating. VC, acetaminophen and degradation prod(mwisinly
out at 10 K.miff. For the latter study, an inflection point had beefurfural) were separated on a Hypersil BDS C18 colygpm, 15
obtained near compositions rich in VC, probably tluthe fact that cm, i.d. 4.6 mm, Interchrom, Montlugon, France)eTolumn was
the degradation of VC in the liquid state was n&etainto account connected to a conventional HPLC system Agilent 1Q%gilent,
at such low scanning rate. Consequently, the liguidaints had Les Ulis, France). This instrument included a solveelivery

been underestimated.
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Fig. 6. Calculated VC/acetaminophen phase diagram takilng int
account the liquidus points determined from HPLCegipents
(horizontal segments) and the eutectic point detexdnfrom the
Tammann plotx).

Conclusions

Analytical chemistry tools in the solid state (c@dwetry) and in the
liquid state (HPLC) were associated as complementathods to
determine a temperature-composition binary phasgradin when
one of the compounds — vitamin C in this study -a dfnary system
degrades in the liquid state upon melting. Thisraagh allowed
fixing the liquidus curve when solid VC is in eqgbilium with a
liquid phase. Dynamic method such as differentiaghnging
calorimetry was then coupled with a static approacisothermal
conditions, using HPLC technique, allowing us tomjifga the non-
degraded vitamin C content for different vitamin @taeninophen
mixtures.

Experimental

L-ascorbic acid (VC, 99% purity) was purchased frakxaros
organics; acetaminophen (98% purity) and furfunanf Sigma
Aldrich (99% purity).

4| J. Name., 2012, 00, 1-3

system together with a UV-visible detection systesh at 260 nm.
The mobile phase was a mixture of 5% (V/V) metha#eLC grade
(99.93% (w/w), Sigma Aldrich, Saint Quentin FallaviFrance) and
95% (V/V) aqueous solution of tetrabutylammoniunrcbéorate
(Sigma, Saint Quentin Fallavier, France) at 5.ibl.L™ . The flow-
rate, meanwhile, was set at 1 mL.thinn such conditions, the
retention times of VC and acetaminophen are 3.4 (@i 0.6%)
and 6.7 min (CV 0.8%) respectively, as shown in FigThe raw
data were acquired by Chemstation® program (Agilees Ulis,
France).

180 4
160 o . .
Ascorbicacid
140 4
120 4
100 H Acetaminophen
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40 4 ‘
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Fig. 7. Chromatogram obtained for a VC/acetaminophen mixtui=
and heated at 160°C for 10 min. Chromatography ciomdit
Hypersil BDS C18 column (3 um, 15 cm, i.d. 4.6 mmY/-Usible
detection system set at 260 nm; mobile phase: n&>at 5% (V/V)
methanol HPLC grade (99.93% (w/w)) and 95% (V/V) emus
solution of tetrabutylammonium perchlorate at 531l.L%; flow-

rate at 1 mL.mi.

LogPoct/water values were calculated using Marvat&k 5.7.0
(ChemAXxon, Budapest, Hungary).

The validation of the assay method for VC has betabéished.
The calibration curve was performed with differel€ masses
(calibrators) ranging from 2 mg to 16 mg (2, 4,12, and 16 mg).
Each mass was dissolved, as previously, in 10 minethanol and
500" diluted in the mobile phase before analysis.

The response (peak area) for each analyte was fasethe
calculations. Least-square regression analysisafdinear model
enabled us to calculate all calibration curves biyng the equation:

y = ax + b, where y stands for the peak area of theysmahs

recorded from the UV detector, and x the quantftthe VC (mg).
Linearity was determined by checking five calibvaticurves during
five different working days (a single measuremeneach quantity

This journal is © The Royal Society of Chemistry 2012
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every day). Back calculations were made from thasees to VC degradation products have already been identified a
determine VC quantity in each calibration standardoefficient of possible degradation pathway has been propb3ém. degradation
determination @ 0.99) was used for the calibration curves. Theroduct at 4.3 min was identified as furfural.
accuracy (deviation percent or %DEV) of standardngities should
not exceed +15.0%, and the precision should natekd5.09%.
Five replicates of three quality control (QC) sarsp{ew at 6 Acknowledgements
mg, medium at 10 mg and high at 14 mg) containigweére used ) )
to determine intra- and inter-assay variationserkaissay variation The authors thank Ms. S. Nguyen, Z. Hakim and Fdabai, MSc
was assessed on five Separate experimental dagspr'ﬂcision of Students, fOl’ thelr Contr|but|0n to thIS WOI’k. Ms IBiebbaSCh 1S a|SO
the method was determined by calculating the cciefft of thanked for her advice on the manuscript.
variation (%CV) for each specific target concentnatiand accuracy
was calculated from the percent deviation (%DEV) edch
concentration from the nominal target concentratiohhe References
concentrations of analyte in the QC samples wereulzied by
using calibration curves prepared on the same day. # Unité de Technologies Chimiques et BiologiquesrdauSanté, Inserm U
Data for the linearity of the method are shown &bl 2. Linear 1022 CNRS UMR 8258, Faculté des Sciences Pharniquest et
relationships between the peak area of VC and thesn@  Biologiques, Université Paris Descartes, SorboransFCité, 4 avenue de
calibrators over the mass range were fo_und_ witleamequation y = I'Observatoire, 75006 Paris, France
874x -56.6. The coefficient of determlnatlorf) (of the standard , Université Paris Descartes, Sorbonne Paris Citéuliéades Sciences
curves was 0.9906-0.9991, with coefficients of atéon of 0.37% ) T X )
(n=5). The precision (%CV) for specific concenwat on the Pharmaceutiques et Biologiques, 4 Avenue de I'Oladeire, 75 006
standard curves was from 1.16 to 4.37%. The dewiaiom the  Paris, France.
theoretical values (%DEV) was between -2.76% an86% (Table
2).
K. Klimova, J. LeitnerThermochim. Acta, 2012,550, 59.

1
Table 2. Coefficients of variation (CV) and deviation (DEV)2 Y. Convis, M. C. Menet, P. Negrier, M. Lazerges, EspeauNew J

obtained for the intra- and inter-assays.

Chem,, 2013,37, 761.

Standard .
curve Quality control 3 P. Hubert, J. J. Nguyen-Huu, B. Boulanger, E.pDtat, P. Chiap, N.
B Intra-assay Inter-assay Cohen, P. A. Compagnon, W. Dewe, M. Feinberg, Mllidra M.
n=5 (n=5) (n=5) Laurentie, N. Mercier, G. Muzard, C. Nivet, L. Vald Pharm. Biomed.
Mass CV  DEV Mass cVv DEV CcVv DEV Anal., 2004,36, 579.

(mg) (%) (%) (mg) (%) (%) (%) (%) 4 3. P.Yuan, F. Ched, Agric. Food Chem, 1998,46, 5078.
2 4.57 -2.76 6 2.18 0.61 2.34 3.28 P. Espeau, R. Céolin, J. L. Tamarit, M. A. Perdn P. Gauchi, F.

g i?g 831 12 8;3 _022821 iié _]i%% Leveiller,J. Pharm. Sci., 2005,94, 524.
12 2.20 1.36 6 N. Brouwer, H. A. J. OonkZ. Phys. Chem., 1979,117, 55.

16 161 -1.32

The precision (%CV) and accuracy (%DEV) of the aticdy
method were examined by analyzing the intra-assayation of
three QC samples (five replicates per concentra(idaple 2). The
precision of intra- and inter-assay variations ehgrom 0.54 to
2.34%. Similarly, the accuracy of intra- and inéssay variations
ranged from -2.81 to 3.28%. These results for irdrad inter-assay
variations of all QC samples satisfy the currentteda for
bioanalytical methods.3 as the precision (%CV) waks<0%, and
the deviation from nominal concentration (%DEV) waghin +
15%.

VC thermal degradation in isothermal conditions waslysed
by High Performance Liquid Chromatography (HPLC) @kivs: a
specific mass of the mixture of acetaminophen ad (sbout 10
mg) was placed into a DSC pan and crimped. The sama$ then
heated at various temperatures, 160, 170 and 180 °C, for 10 min.
Once the heating time was reached, the sample waaschied at 0 °C
to stop the degradation process. The content gidhevas dissolved
in 10 mL of methanol and 5¥0diluted in the mobile phase. An
external calibration was used and the degradatrodyzts formed
during heating were detected. Fig. 7 shows the mhtogram
obtained after the solubilisation of the mixturestaeninophen/VC
(55/45; mol/mol) heated at 160 °C for 10 min witle #mergence of
VC degradation products.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5



