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BAM-NOO8

Summary

This report describes preparation, analysis and certification of the silver nanoparticle reference material BAM-
NOQ8, including all analytical aspects and the proof of homogeneity and stability. Small-angle X-ray scattering
(SAXS) was applied for characterization according to the international standard 1SQ 17867 [1]. Diameter and num-
ber density of the particles are provided as metrologically traceable values. Particle size distribution width and
particle concentration are provided in not traceable form. The reference values for diameter, lognormal size dis-

tribution width, number density of particles and particle concentration are summarized in the table below.

Property Value!  U? Traceable®  Unit
Diametert(D) 58 05(9%)  vyes nm

Size distribution width® () 133 018(14%) no nm

Number density(N) 37 07(19%) no 10~ mol 171
Concentration”(c) 3.0 05(17%) no glt

1. Values are means from values of homogeneity study.

2. Expanded uncertainties U = ku, were calculated according to 1SO Guide 35 [2] with the coverage factor k = 2 giving a level of
confidence of approximately 95%. The value of the combined standard uncertainty u. of the property includes an uncertainty contri-
bution resulting from the study of homogeneity, long-term stability of the material, variation in the measurement results from a gold

standard, and variation in the individual instruments.

3. Certified is labelled with “yes” for certified values, i.e., values are traceable to Sl under the assumptions of the model used for inter-

pretation of the SAXS data. Traceable is labelled as “no” for values without proven traceability.
4. Median value of the distribution of the diameters of the particles (for calculation, see Section 5.2.1).
5. Standard deviation of the width of the diameter size distribution (Section 5.2.1).
6. Number of particles per volume (Section 5.2.2)

7. Weight concentration (Section 5.2.3)

This report contains detailed information on the preparation of the reference material, as well as on homogeneity
investigations and on the analytical methods used for certification analysis. The values are based on the results
of homogeneity study. An example of a bottle of BAM-NOO8 containing a volume of 5 ml of aqueous dispersion

of silver nanoparticles is shown in Figure 1.
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Figure 1: Bottle of the reference material BAM-NOO8 containing a volume of 5 ml of aqueous dispersion of silver
nanoparticles.
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List of abbreviations

(if not explained elsewhere)

CRM

daf

E,

F

Forit

M
Myetween
Muyithin
MS

N

n

NIST

PTB
SAXS
SS

Sbb
Sy
SRM
Upb
Ubias
Ujts

Urep

certified reference material

degrees of freedom

“normalized errar”, a measure of data compatibility
Fisher statistic

critical value of the Fisher distribution
mean square

mean square between groups

mean square within group

mean squared error

number of bottles

number of replicate determinations
National Institute of Standards and Technology
p-value

Physikalisch Technische Bundesanstalt
small angle X-ray scattering

sum of squares

standard deviation

between-unit standard deviation
repeatability standard deviation
Standard Reference Material (NIST)
uncertainty caused by inhomogeneity
uncertainty caused by bias

uncertainty caused by instability

uncertainty caused by repeatability
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1 Introduction

Nanoparticles reveal typically distinct changes of physical and chemical properties in comparison to the bulk mate-
rial making them technologically attractive. The main reasons can be seen here in the small size and exceptionally
large surface to volume ratio with a high fraction of atoms on the particles-to-surroundings interface. This led
to a wide range of applications of nanomaterials, e.g., for hydrogen economy [3], but is accompanied by concerns
on how save nanomaterials are [4]. Small silver particles are antibacterial and therefore, colloidal silver is used in
medicine for a long time and their application is constantly being expanded [5]. Today there are hundreds of prod-
ucts available containing silver in form of nanoparticles, so-called nano silver. This situation and the foreseeable
future erowing market of nano silver will supposedly cause an increasing release of silver into the environment [6].
In this way, silver can be also incorporated into the human body and accumulated in different organs, which can
be toxic or at least an unknown risk for the human health [7 8, 9]. For these reasons, it is important to constantly
study materials containing silver nanoparticles, their production, application in products and technical processes,
dissemination of silver nanoparticles in the environment as well as effects to humans and the nature [10]. The
state-of-the-art on characterization of nanoparticle size and concentration is illustrated in an extensive recent
interlaboratory comparison [11]. To guarantee the traceability of measurements and to secure the comparison of
results of different analytical methods, reference materials (RM) and certified reference materials (CRM) are es-
sential [12]. The objective of this project is to provide an agueous suspension of silver nanoparticles as reference
material with a nominal diameter below 10 nm for application in determination of the size and concentration of
nanoparticles in an aqueous surrounding. Measurands are the particles’ diameter D, size distribution width o,
number density N and concentration c¢. Target uncertainties, defined as one sigma of the measurand values, are
5% for D, 10% for ¢, 20% for N and 20% for ¢. The certification was carried out on the basis of 1SO 17867 [1] and

the relevant ISO-Guides for the production of reference materials [13, 14].

2 Material

2.1 Synthesis of silver nanoparticles

Starting materials. Water used for all preparations was MilliQ grade (18.2 M) at 25°C). All chemicals were used
as received and without further purification. Silver nitrate was purchased from AppliChem, ethylene glycol from
Acros. Poly(acrylic acid) was purchased from Fluka (catalog number 323667-250g).

Synthesis. The polyol process for silver nanoparticle synthesis was adapted from Hu et al. [15] and is described

in detail elsewhere [16]. Briefly, solution 1 was prepared by solving 1.944 g (11.444 mmol) of silver nitrate under
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stirring in 58.5 ml ethylene glycol at room temperature. Solution 2 was prepared by adding 15.7 g (2179 mmol
with respect to the monomer units) of poly(acrylic acid) to 291.5 ml ethylene glycol and heating the mixture under
stirring to 200 °C. A short chain poly(acrylic acid) (PAA) with a molar mass of M, = 1800 g mol~! was chosen,
which contains 25 monomer units per polymer chain. The ratio of silver ions to acrylic acid monomer units was
1to 19. The solution 1 was added within 3 s to the boiling solution 2 under rigorous stirring. The mixture was
boiled for 15 minutes and was then cooled down to room temperature. The processing of the particles started
by adding 800 ml of water with a pH value of 5 and storing of the mixture for 24 h. Then the reddish-brown
colored supernatant was decanted. This procedure was repeated three times. Then, the residue was suspended
with 150 ml water. A 1% (w/v) sodium hydroxide solution was added in drops until the pH of the dispersion was
adjusted to 10. The color turned from starting with reddish brown, via olive-green to brownish black. The amount
of PAA in the final dispersion was 13% (w/w) related to the dry mass, as determined with thermogravimetric
analysis (TGA) measurements. It should be noted that the samples were dried at 80 °C before TGA measurement
to remove the water. An amount of 0.35 g PAA was added per liter suspension. This results in a final PAA amount
of 30% (w/w) related to the dry mass, as confirmed with TGA. A total number of 19 batches according to the upper
procedure was synthesized from May to August 2016 at BAM. All batches were mixed in a brownish colored flask
with a volume of 10 liters to get a final volume of 7 liters of dispersion. This stock solution of candidate material

was stored at a temperature of 20 + 3 °C.

2.2 Preparation of the candidate material

The original stock solution has an approximate silver concentration of 3 g/I. The suspension was filled into brown
plastic bottles of 5 ml content each using a bottle-top dispenser (Dispensette® IIl; type: Dig. Easy calibration 1-
10 ml). The batch size of the lotis 1000 bottles. The used bottles are 8 ml HDPE Thermo Scientific Nalgene™ quality
amber narrow-mouth bottles. This material reduces UV-light transmissions to protect light-sensitive liquids. The
material of the bottles has an excellent chemical resistance to most acids, bases and alcohols. It is reliable and
durable for long-term use. The used closures are normal leak-proof screw caps. These bottles are especially useful
for long-term storage, shipping and packaging of liquids. The pH value of the suspension has been monitored.
Although not critical, at the time of delivery the suspension has a pH value of around 10. An example of a filled

bottle is shown in Figure 1.

3 Homogeneity

Twenty bottles have been selected randomly from the whole set of 1000 bottles. On three consecutive days, one

sample per day was taken from each of the selected bottles and immediately measured with SAXS. To the best
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of our knowledge, we can assume that the properties of the samples (changes after opening) and the framework
conditions of the measurements (e.g. person performing the measurements) were the same on all 3 days. The
resulting SAXS data curves were analyzed according to model fitting described in 1SO 17867 [1] employing the
model of homogeneous spheres with lognormal size distribution (details are provided in clause 5.2). The model
fitting provides 60 values (one value for each bottle and every day) foreach of the four measurands. Anoverview of
the 20 samples on means and standard deviations of particle diameter D, diameter distribution width o, particle
numberdensity IV and concentration cis provided in Figure 2 (black circles and error bars). The overall means of the
propertiesare D = (5.83 +0.13)nm, 0 = (1.33+ 0.05) nm, N = (3.74 £ 0.15) 10 % mol "' and ¢ = (3.04 + 0.04) g I}
(red squares and error bars represent the mean and one standard deviation of the mean, blue circles and error bars

indicated the mean and two standard deviations).
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Figure 2: Homogeneity study on the diameter D, size distribution width o, particle number density N and particle
concentration ¢. The 20 samples of the study are indicated by their sample IDs. Black circles and error bars repre-
sent the mean value and the standard deviation for the property of each sample. Red squares and red error bars
represent the overall mean and one standard deviation of the averall mean. Blue circles and error bars represent
the overall mean and two standard deviations.
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An analysis of variance (ANOVA) was performed for these measurands according to ISO Guide 35 [2]. Therein,
the scattering of the values are expressed by the between-group (Mpetween ) and within-group mean squares

(M. yithin). These values were used for estimation of the standard uncertainties associated with between-bottle

Spy = \/max (Mbetween - ]\lwith'm7 O) (1)
no

where ng is the number of observations per group (here ng = 3; observation at days 1, 2 and 3). The sy is 0 if

standard deviation as

Mpetween < Muywitnin. Further, the repeatability standard deviation is calculated as

Sr =V Mwith,in (2)

The between bottle and repeatability standard deviations are sy, = 0.034nm and s, = 0.128 nm for D, spp =0
and s, = 0.054nm for o, spp = 0.052 x 1078 mol |71 and s, = 0146 x 1076 mol I~! for IV and finally s =0
and s, = 0.045g|~! for ¢. Results are summarized in the ANOVA Tables 1to 4. The finding that the su;-values
are very small or even 0 strongly indicates the absence of any between-bottle effect for D, o, N and ¢. Such
could have been expected because all bottles were filled from the same stock suspension and the nanoparticles
are too small to sediment. ANOVA uses a variance-based F'-test to test the group mean equality. Therein, the
null hypothesis that all group means are equal cannot be rejected if the calculated F'-value is below a tabulated
critical value F,,;;. Comparison of the data in Tables 1to 4 shows that the F-value is always < F,,;, indicating
that the group means are equal. The p-values, which are inversely related to the F'-values, are additionally given
in the Tables 1to 4 as indicator for significance. The p-values of 0.298 (D), 0.498 (o), 0.189 (IV) and 0.595 (c) are
much larger as the typically utilized threshold value of 0.05. Therefore, the p-values are not significant, and it can
be concluded that the groups have equal variances.

To summarize, no evidence suggesting a rejection of the hypothesis that the material is sufficiently homoge-
neous was observed. In this case, the between unit homogeneity contribution to the uncertainty is identical to

the between unit standard deviation, i.e.,

Upy = Spp 3)

All data from the homogeneity study were accepted and pooled. Thus, total mean values for the four measurands
and estimates of the uncertainty wy, due to possible (undetected) inhomogeneity have been derived from the
homogeneity study. Next, the repeatability standard deviations were utilized as estimates of the uncertainty of

the repeatability of a single measurement, i.e.,

Urep = S (4)
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Table 1: ANOVA table for between-bottle homogeneity study of D
Overall Mean  Overall s

(nm) (nm) Source of variation  SS df MS s F Ferie  p-value
5.827 0132 Between bottles 0.374 19 0.02 0.034 121 1853 0.298
Within bottles 0.65 40 0.016 0128

Total 1.024 59

Table 2: ANOVA table for between-bottle homogeneity study of o
Overall Mean  Overall s

(nm) (nm) Source of variation SS df MS s F Ferit  p-value
1.326 0.054 Between bottles 0.055 19 0.003 0.0 0.983 1.853 0.498
Within bottles 017 40 0.003 0.054
Total 0171 59

Table 3: ANOVA table for between-bottle homogeneity study of NV

Overall Mean  Overall s

(10=%mol1=1) (10 ®moll~1) Source of variation SS df MS s F Ferie  p-value
3.738 0.155 Between bottles 056 19 0.029 0.052 1386 1853 0.189
Within bottles 0.851 40 0.021 0.146
Total 141 59

Table 4: ANOVA table for between-bottle homogeneity study of ¢
Overall Mean  Overall s

(g 171 (g 17h) Source of variation  SS  df MS s F Ferie  p-value
3.037 0.044 Between bottles 0.034 19 0.002 0.0 0.891 1.853 0.595
Within bottles 0.08 40 0.002 0.045%
Total 0.113 59
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4 Stability

4.1 Short-term stability

The robustness of the material against external influences was tested for five randomly selected samples. Of
interest were temperature and transportation stability. The sensitivity of the material against changes of the
temperature was investigated first. For this purpose, one sample was frozen to -40°C, a second sample was
cooled to 4°C and a third sample was heated to 70°C, each for 7 days. The remaining two samples were shipped
in luggage, each for two ten-hour intercontinental flights. These five samples were measured with SAXS after
temperature-treatment and transport, respectively. An overview on the results is given in Figure 3 (black circles).
The means of the measurands from the homogeneity study are also plotted for comparison (red squares represent
the means and the red error bars one standard deviation, blue error bars are two standard deviations). It can be
seen that one value for D, o and N and two values for ¢ lie outside the interval of two standard deviations of the
values of the homogeneity study (horizontal dashed blue lines). This indicates the presence of small but significant
changes of the materials’ properties by the applied external influences. Therefore, transportation times should
be at the possible minimum. Additionally, exposure to lower and higher temperatures than 20 + 3 °C should be

avoided.
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Figure 3: Short-term stability study on diameter D, size distribution width o, particle number density N and
particle concentration ¢. Conditions of the stability tests are given together with the data points (black circles).
Red squares represent the overall means from the homogeneity study, and the red error bars are the corresponding
standard deviation from the homogeneity study. Blue error bars are two standard deviations.
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4.2 Long-term stability

Along-term stability study was performed after it was verified that the changes of the parameters due to variation
of temperature and transport were significantly lower than defined by the target uncertainties (see clause 4.1).
Start time (¢ = 0) of the study was the first day of the homogeneity study which was performed 354, 355 and 356
days after bottling of the samples. The reason for the long period between filling and the start of the homogeneity
study was to find out whether the probability of long-term colloidal stability is high enough for the development
of a reference material. The long-term stability study was conducted with 30 randomly selected bottles over a
period of four years to access the materials’ stability under the storage conditions specified for their lifetime, i.e.,
storage in the dark at an ambient temperature of (20 + 3)°C. One of the 30 samples mentioned above was always
selected at random for measurement. It should be noted that the measurements were always carried out when
free measurement time was available, and not for reasons of optimizing the statistics. The overall means of the
resultant measurand values are D = (5.82 + 0.14) nm, o = (1.34 + 0.05) nm, NV = (3.77 £ 0.19) 10~ % mol ="' and ¢ =
(3.07 + 0.05) gI=1. An overview of the values of the measurands as a function of time of the study together with
the means and their uncertainties is provided in Figure 4 (black spheres, horizontal red lines correspond to the
mean, red and blue error bars represent one and two times the standard error of the values). Visible inspection
shows that most values are within the target uncertainties of 5% (D), 10% (o), 20% () and 20% (c) and all values
are within two times of the target uncertainties (green dotted and green solid lines in Figure 4, respectively). For
analysis of the presence of a time-dependent trend, the rate of changes of the parameters was estimated by
a univariate linear model in accordance with clause B.3 of ISO Guide 35 [2]. Therein, the individual values of a

measurand, y;, are related to the time of measurement, x;, by

yi = by + bix; (5)

where by and by are the estimated intercept and slope, respectively. The regression parameters were calculated

as

(6)

and

bo =7y — T (7)

where Z and ¢ are the mean of the respective observations. The standard errors of by and by were calculated as

n —-1/2
s(b1) =s (Z(mz - x)2> (8)

i=1
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where
=—5 D (Wi—bo—bz)’ 9)

i=1

and
Lo 1/2
s(bo) = s(b1) (n fo) (10)
i=1

The regression parameters from application of egs. (6) and (7) were inserted in eq. (5) and the resulting linear
regression lines are plotted in Figure 4 for a period of eight years (black solid lines). It can be seen that the slope
is negative for D and positive for o, N and ¢, i.e., the values decrease or increase with time. Next, the statistical
significance of this finding was investigated according to clause B.3.4 [2]. Therein, the ¢-test is described for

testing whether the b, differs significantly from zero. The ¢-statistics is calculated as

_ bl

by 51 M)

The tp, is compared with the two-tailed critical value, tgs ,,—2, 0f Student’s ¢ for n — 2 degrees of freedom at the
95% level of confidence. Here, for n = 78 the tg5 ,—2 is 1.99. The ¢, -values are 115 (D), 5.86 (o), 3.50 () and
1216 (¢). The ¢, -value of D is smaller than ¢, i.e. the change of the particles’ diameter is not significant. Since
the 3, -values of o IV and c are larger than ¢., the slopes of the values of these measurands are considered to be
significant. Consequently, the change of the measurand values over time has to be taken into account. The fitted
values by and b; were therefore used to provide an estimate ¢ of the value of the response for a particular value
Z, using

§="bo+ bz (12)

The two-sided confidence interval at the 85% level of confidence is given by

o 1 @-z? \'?
=7y T tosn— —t=——3 13
Y+ Yy 95,n—2 S (n + Zi:l(xi — 13)2) ( )

Regression lines according to eq. (12) and the confidence intervals for the regression lines derived from eq. (13) are
shown in Figure 4 (black solid and black dashed lines). When accepting tentatively the model of a linear trend
of the increase in the values, an extrapolation is possible to predict the storage lifetime (also called shelf-life).
Alternatively, the interpolation is helpful to set a first monitoring point at which the validity of the measurand
values needs to be checked.

The upper and lower limits of an acceptable range of values for a measurand of BAM-NOOS8 can be defined as
Lyypr and Ly, respectively. The confidence interval around a predicting future value of a measurand is given by
egs. (12) and (13) when the degradation follows a simple linear form and taking & as the time from the beginning

of the stahility study. The required shelf-life is obtained by setting eq. (13) to each of the specification limits and
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solving for £ to obtain the shortest positive shelf-life ¢4, according to

tshelf = min (ts,upr7 ts,lwr) (14)

The times ¢, ypr and s 14, are the lowest positive solution to

1 (tsupr — T)?
Lypr = |bo + bits upr £ tos.n— S e Lt 15
P 0+ brts.up %, 28\/n+zi_1(xi—m)21 )
1 (ts lwr _E)Q
Liwr = [bo + bitsjwr Ttosn—28y/ — + == (16)
n Zi:1(xi - )2

Equations (15) and (16) have four solutions. For better readability, we define the sumof squaresas S5 = >, (z—

7)2. Solution 10of eq. (15) is

by (b — Lupr) SS + 525 n_a + st%,n_g\/ 155 (b25S — 52625 s +1(bo — Lupr + b17))

t =—
supr b%SS — 82t957n_2

(17)

and solution 2 is

bl (Lupr - bO) SS — 32t957n72jj + 3t957n72 \/%SS (b%SS - 827535,”_2 + n(bO - Lupr + bl-f))

tsupr = (18)
up b%SS — 521‘,957”_2

Solutions 3 and 4 for solving eq. (16) for ¢, ;,,- are obtained by replacing L, with Ly, in solutions 1and 2, re-
spectively. For the present study, we found that solution 1 provides estimates for ¢,,,, of 10.85 years (D), 6.07
years (o), 12.0 years (V) and 14.96 years (c). A summary of the parameters from the long-term stability study is
given in Table 5. The same principle as for estimation of the shelf-life may be used for choosing an initial moni-
toring point for post-certification monitoring of stability. To determine appropriate post certification monitoring
points, we consider the rates of the change of the measurand values. Assuming a linear trend, the rates per year
are by=-0.01nm for D, 0.02 nm for ¢, 0.04 x 10~%mol I=! for N and 0.04 g I=! for ¢c. The measurements show
clear differences in the individual parameters. It would therefore be very interesting to understand where these
differences come from. However, such research would take further years and is therefore outside the scope of the
current study. Therefore, we limit ourselves at this point to stating the fact that the yearly changes are accept-
able with respect to the defined target uncertainties. To control the possible further change of the measurand
parameters, we set one monitoring point per year. This ensures that any future change of the parameter values

that may take place will be detected. For estimation of the stability uncertainties in the absence of significant

BAM-NOO8 / January 19, 2023 Page 17 of 39



BAM-NOO8

trends, we employ clause 8.7.3 of ISO Guide 35[2] and use

_ /.2 2
Ults = 4/ Ups 1 T Ujgs 2 (19)

with

Ults,1 = S(bl)(tml + tcert) (20)

(see eq. (10) at page 44 of ISO Guide 35) and

b
Ults,2 = ﬁtcert (21)

under the assumption of an equal distribution of the values (rectangular function). The ¢,,1 is the time interval
between value assignment and the initial stability monitoring point (rounded up to 5 years) and t ., is the planned
lifetime (here 5 years). The correspondingly estimated uncertainty contributions wy;, ranging between 1.43% and

4.65% of the mean values of the measurands are provided in Table 7).

Table 5: Parameters of the long-term stability study. y.,, is the mean value of a measurand and s is its standard
deviation, u; is the target uncertainty, given in units of the measurand and in % of y,,,, bg is the regression pa-
rameter (eqg. 7) and sy is its standard error (eq. (10), by is the slope of the regression (eq. 6) and sy is its standard
error (eq. (8)), tp1 is the t-statistic of by (eq. (11), t95,n—2 is the two-tailed critical value for Student’s ¢ and tgper s it
the predicted shelf life in years, u;s is the uncertainty contribution caused by instability in units of the measurand
and in % of y,,.

Measurand Ym s Ut bo £ b1 sp1 tet tosm—2  lshels Ults
D (nm) 582 014 029(5%) 583 0.02 -0.01 001 115 199  10.85 0.13(2.26%)
o (nm) 134 0.05 013(10%) 133 0.01 0.02 00 58 199 6.07 0.05 (3.47%)
N (10~%mol/l) 377 019 0.76(20%) 373 0.02 004 001 35 1.99 12.0 018 (4.65%)
c(g/) 3.07 0.05 062(20%) 3.04 0.01 0.04 00 1216 199 1496 0.04(143%)
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Figure 4. Long-term stability study on the diameter D, diameter distribution width o, particle number density
N and particle concentration c. Given are measurand values (black circles), mean of the values (dotted red line),
one and two standard deviations of the mean values (red and blue error bars, respectively), linear regression lines
(black solid lines) and their 95% level of confidence (area between dashed black lines). One and two standard
deviations of the target uncertainties are shown as horizontal dashed and solid green lines.
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5 Characterization

5.1 Analytical Methods

The certification of the silver nanomaterial is based on the SAXS instrumentation and the SAXS method, which
has been validated and for which the total measurement uncertainty is available [17,18,18]. SAXS is an established
method for metrologically traceable determination of the diameter of spherical particles and does not require sam-
ple preparation or calibration [17]. In the round-up to this reference material development, we conducted an inter-
national SAXS interlaboratory comparison as a feasibility study [20]. The material of that study was a suspension
of silver nanoparticles, prepared in the same way as BAM-N0OO8. The measurand values for D, o, N and c of that
study were reliably determined. Therefore, we were guided here by the outcome of this interlaboratory compar-
ison for the choice of the measurands. Small-angle X-ray scattering was used throughout for homogeneity and
stability testing as well as the characterization of the material. For material characterization, three independent
reference instruments were employed. The first instrument used at the BAM laboratories is a SAXSess (Anton
Paar AG, Austria). This Kratky type of instrument is attached to a laboratory X-ray generator (PW3830, PANalyt-
ical), and was operated with a fine focus glass X-ray tube at 40 kV and 40 mA (CuK,, A=0.1542 nm). A focusing
multi-layer optic and a block collimator provide a monochromatic primary beam with low background, as reported
by Bergmann et al. [21]. Samples with a volume of 50 ul were filled in a flow through plastic capillary with an
inner diameter of 1Tmm. The flow through capillary allows to attain the same scattering volume for the scattering
of i.) sample, ii.) solvent and iii.) empty capillary. The scattered intensity as function of the scattering vector ¢
was recorded with a Mythen detection system (Dectris AG, Switzerland). The intensity data were converted to
absolute intensity data with SAXSquant software (Anton Paar AG) as described by Orthaber et al. [22]. Data were
taken for a g-range between 0.1nm~"! and 3 nm~!. Data outside this range were discarded. The temperature was
controlled with a TCS 120 sample holder (Anton Paar AG) with an accuracy of +1°C. The scattering curves measured
for the homogeneity study is displayed in Figure 5. The second instrument used at the BAM laboratories was a
Nano-inXider (Xenocs, Grenoble, France). The third instrument was the SAXS setup of the Physikalisch Technische
Bundesanstalt (PTB, Berlin, Germany). This instrument is located at the laboratories of the Helmholtz-Zentrum
Berlin fiir Materialien und Energie (HZB), installed at the PTB four-crystal monochromator beam line [19]. The
sample to be studied was injected in a glass capillary with an inner diameter of 1 mm and a wall thickness of
10 ym. Scattering patterns were registered for a measuring time of 3600 s with a CCD-based detector at a photon
energy of 10 keV. The sample to detector distance was 2.561 m. The transmitted beam through the sample was
blocked by a rectangular beam stop in front of the detector. The scattering pattern obtained from a capillary filled
with water was used to correct for background contributions. The intensity values from instrument 3 were not

scaled to absolute intensities.
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The SAXS data were evaluated according to the international standard 1SO 17867 [1] employing the model of
a lognormal size distribution of spherical particles. Application of this model is exemplarily shown in Figure 6 for
a data set from a measurement taken in the homogeneity study (measurement identifier is S9602, sample ID is
970). The curve fits provide estimated of the distributions of the silver nanoparticle diameters, which are shown

in Figure 7. A detailed explanation on the data evaluation is given in clause 5.2.

104

= = =
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Intensity (m~!
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Figure 5: Overlay of 60 SAXS data sets of the homogeneity stability study. The scattering intensity is given in
absolute units of [Intensity] = m~! using water for absolute calibration according to Orthaber et al. [22].
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Figure 6: Interpretation of the SAXS data by application of the model according to eq. (22). Given is the scattering
datainterms of the scattering intensity as a function of the scattering vector g and the best fit of the model (black
and red solid line, respectively). The data set 59602 from the sample with the ID 970 is from the homogeneity
study. Data in the g-range between 0.1 nm~! and 3.0 nm~"! were chosen for data evaluation. Data outside this
range were discarded.

The minimum sample intake for a measurement for determination of the particle properties should be chosen
in a way that no significant heterogeneity within the sample is to be expected. For SAXS measurements, however,
the sample intake is mainly determined by the size and capacity of the capillary, so no specific recommendation is
given. For the instruments used in this study, considerable homogeneity has been proven, such that the dimen-
sions of the capillary were suitable (see chapter 3). As a general recommendation, at least 50 ul of the suspension

should be used for a single analysis. Although this has not been tested here, it can be assumed that using smaller
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Figure 7: Overlay of 60 diameter size distributions as obtained from the SAXS data shown in Figure 5. The size
distributions are number-weighted, and the distributions’ shape is a lognormal function.

volumes than 50 microliters for the measurements will give the same results. This assumption is indicated by an
earlier study on certified reference materials of gold nanoparticles in which only 20 and 3 ul of suspension were

used [23].

5.2 Analytical results and statistical evaluation

5.2.1 Model for interpretation of the SAXS data

A model-driven small-angle X-ray scattering data evaluation was performed for characterization of the size distri-
bution and the concentration of the silver nanoparticles. The SAXS model of non-interacting spheres was utilized
in accordance with IS0 17867 [1] on the assumption of a constant internal density within the particles and that the

particles are dispersed in a homogeneous continuous phase. This model is given as

10 =Naps o0 [ 1) [4507] Prgorri @)

where I(q) is the scattering intensity, ¢ is the scattering vector, IV, is the particle number density, p is the
scattering length density of the particles (silver) and p; is the scattering length density of the continuous phase
(water). Specifically, the p-values were calculated with the scattering length density calculation tool of the pro-
gram SASTit [24]. Calculated values were p, = 7738 x10" cm™ for a silver density of 10.49 g cm™ and a copper K, -
energy of 8047.60eV. An p; = 9.446x10" cm™ was calculated for water with a density of 0.998 g cm™. Hence,
we employed a scattering length density difference of py — p1 = 6.793x10" cm™. The scattering vector is defined

as ¢ = 4w\~ sin § with the wavelength of the X-ray beam X\ = 0.15418 nm and the scattering angle 6. The f(r)
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is the particles’ number-weighted radii distribution and P(q, r) is their form factor with

2

sin(gqr) — grcos(qr

Pla.r) = |3 (gr) ar (gr) (23)
(qr)

In this study f(r) is the lognormal distribution, which is recommended in the standard 1S0 17867 [1] and was

successfully employed earlier in an interlaboratory comparison for determination of particle size distribution with

SAXS (see [20]). The lognormal size distribution is defined as

_ 1| In(R/Rmcdian)”

where R,edian IS the median of the radii and w defines the width of the distribution. It should be noted that
w is the standard deviation of the natural logarithm of the radii distribution width (unit is 1), and must not be
confused with the standard deviation of the radii distribution width itself (unit is nm). Since the shape of the
lognormal distribution is defined by Ryedian and w, further parameters of interest can be derived thereof. The

most frequently used derived parameters are mean, modal and standard deviation. The mean value of the radii is
Rmean - Rnwdian exp (w2/2) (25)

with an uncertainty of

_ | w? 2 ) 2 1/2
URmean = €7 \URpneasan + Bmedianw t] (26)

where estimates of the uncertainties up and u,, were provided from the fit procedure (for details see [24]).

mean

The radii size distribution width is
2 271/2
Olognormal = |:€2w —e" :| Rmedian (27)

with an uncertainty of

) N 2 1/2
e (1—26“’) R2? w2 )

2w? w? 2 ‘median
= [6 —¢ ] UR median + ew? 1 Uy (28)

Olognormal

We employ Ny = Np(p2 — p1)? as scaling factor to avoid a numerically unfavorable usage of very large
numbers of N,, and very small numbers of (p2 — p1)? in the curve fitting process. Together with the abbreviation
Iie = [ f(r) [4{7"3]2 P(q,r)dr we obtain

I(q) = Nyilyi (29)
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where I;; represents the g-dependent term of the curve fitting procedure, providing the parameters Rpedian

and w. The particles’ diameter was calculated utilizing eq. (25) as
D= 2Rm€dian (30)

with an uncertainty of

up = 2uR

median

The size distribution width of the diameter was derived from eg. (27) as

0= 20lognormal (32)

with an uncertainty of

Uy = 2Ugy (33)
lognormal

5.2.2 Number density of particles

The units of absolute intensity (g), scattering vector ¢ and the scattering length densities p2 and p; had to be
considered to convert the scaling factor Ny;; to a particle concentration (in number of particles per cm?). From

the model employed, we get Ny, = I(q) Ifj} The units of the measured intensity [I(¢)] = m~! and the fit

intensity [Z7;:] = nm°® provide [Ny;] = [I] [If1)”~ =m~'nm~C. The number density is given by

Ny

N, = ————
(02 —Pl)2

(34)

where the unit for the square of the scattering length density difference is [(pg — p1)2] =cm~%. Therefore, we

get
[Nyit)
ol = 100 = o7l (33)
-1 _
= T (36)
= 10*%cm—3 (37)

This means that we have to multiply the calculated Ny /(p2 — p1)?-values by a factor of 10%° to obtain particle
number densities N,, in units of cm~3. The uncertainty of N,, depends on the uncertainties of Nyie, p2 and p1.
The uncertainty of Ny;; can be estimated as the uncertainty from the curve fit uy,,,. In contrast, no reliable

uncertainty estimates are available for po and p;. Therefore, the standard uncertainty, as calculated according to
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GUM [25], is simply estimated as

UN ;e
uy, = Nt (38)
(p2 — p1)?

In chemistry, molar concentrations are typically in use. Molar concentrations are obtained from particle number

densities by
N,
N =2 39
N (39)
with an uncertainty of
Un.,
_ LN 40
un N, (40)
The N4 is the Avogadro number defined as N4 = 6.02214076 x 1022 mol~!. The units are
[Nn]
N| = (41)
= molecm™3 (42)
=10%mol 173 (43)

Therefore, the values of N,, and uy,, have to be multiplied by 106 N4 for conversion of number densities in units

of cm~3 to molar concentration in units of mol I~ 1.

5.2.3 Weight concentration

The particle concentration ¢ in units of [¢] = g cm~3 is given by
¢ = Npp (V) (44)

where N,, is the particle number density, p is the density of the particles and (V') is the mean particle volume.
Uncertainties can be estimated for N,, and (V') from the curve fit parameters. No uncertainty is available for p,
the density of silver nanoparticles. Here the density of silver as bulk material of 10.49 g cm—3 was employed. The

combined standard uncertainty, as calculated according to GUM [25] is

Ucon = ¢/ u? + u3 (45)
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The first contribution to ue, depends on the uncertainty of IV,, and is
up = p(V)un, (46)

The second contribution to ucen iS

uz = Nppuy) (47)

and depends on the uncertainty of (V'), which in turn depends on the particle size distribution. For spherical

particles apply
(V) =4/37 (R?) (48)

and the radii distribution needs to be taken into account for correct calculation of (V). The mean volume of

particles with a lognormal radii distribution is
median

vy = %”RS exp {gﬂ (49)

Its combined standard uncertainty is

Wy = \Judy +ud, (50)

with
9w\ >
w2y = (MR?MWL exp {ZD wh o (51)
9w\
Wl = (127rwanedmn exp H’D u (52)

5.2.4 Instrument related bias

The homogeneity, short-term and long-term stability studies were performed with the same SAXS instrument
as described in the experimental section. It is a slit-focus Kratky-type of instrument, which has been introduced
in its present form in 2000 [21]. This instrument has been proven to be particularly suitable for measurements
of nanoparticles in solution because of a short sample-to-detector distance. The slit-focus geometry in combina-
tion with a low sample-to-detectors distance allows precise measurements of the scattering intensity of water
as secondary standard for determination of the absolute intensity [22]. Reliable absolute intensity values in turn
are important for determining reliable particle number densities and particle mass concentrations. Furthermore,

for proficiency testing, exactly this instrument was employed in an interlaboratory comparison for silver nanopar-
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ticles size distribution quantification [20]. Therefore, instrument 1 appears suitable for the nanoparticle reference
material development. Nevertheless, the possibility of an experimental bias must be ruled out. For this purpose,
measurements of the silver nanomaterial were carried out on two further SAXS instruments, allowing to identify
possible sources of instrument-related bias of the measurements. For maximizing possible effects of experi-
mental bias, the two additionally selected instruments were chosen of highly different construction compared to
instrument one. Instrument two was a pinhole lab-instrument operating with a vertical x-ray beam. This com-
mercial instrument has been reported to allow robust and traceable measurements of number concentrations for
gold nanoparticles [26]. Instrument three is non-commercial, operates with synchrotron radiation and is regularly
employed for metrological studies [17, 18]. Measurements with instrument two were carried out according to the
manufacturer’s protocol and instrument three according to the procedure of PTB, the metrological institute of
Germany [19]. Ten randomly selected samples were measured with instrument two and the resultant data were
evaluated in the same way as for the data from instrument one. The overall means of the results from data from
instrument two are D = (5.94 + 0.16) nm, o = (1.32 + 0.05) nm, N = (3.85 + 0.28) x 10~ % mol/land ¢ = (3.27 +
0.07) gI=!. Two randomly selected samples were measured with instrument three by PTB. Data evaluation pro-
vides 6.25 nm and 5.86 nm for D and 1.37 nm and 1.28 nm for 0. Here, the N and ¢ could not be determined
because the intensity values were not on an absolute scale. The results obtained with instruments two and three
are in agreement with the results of the homogeneity study obtained with instrument one. This finding sug-
gests that there is little or no influence on the use of a specific SAXS instrument. The mentioned interlaboratory

comparison on silver nanoparticles also confirms this assumption [20].
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6 Property values and their uncertainties

6.1 Assigned measurand values

The assigned value of each of the measurands (ychsr) is calculated as the arithmetic mean

1 60
Ychar = % LZZ; Yi (53)

of 60 data sets (y;) from the homogeneity study (see clause 3) providing D = 5.83nm, 0 =133 nm, N = 3.74 x
106 mol =t and c = 3.04 g1~. An overview of the measurand values is provided in Figure 8 as box and whisker
plots. Red squares represent the mean values of the measurands (red squares). Red solid lines correspond to the
assigned measurand values. Ranges for assigned values with +1and +2 times the target uncertainty of 5% (D),
10% (o), 20% (IN), 20% (c) are indicated (dashed and solid green lines, respectively). It can be clearly seen that
the whiskers for the values are within two standard deviations of the target uncertainties. Therefore, the data
were considered as reasonably justified. Boxes in Figure 8 represent the interquartile ranges between Qq = 25%

and Q3 =75%. Whiskers are set to 5% and 95%. Data beyond the whiskers are marked as individual points.
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Figure 8: Assigned measurand values as determined from the homogeneity study are D =5.83nm, o0 =1.33 nm, N
=3.74x10~%moll=tandc=3.04 g =1 Boxes represent the interquartile ranges between Q; = 25% and Q3 = 75%.
Whiskers are set to 5% and 95%. Data beyond the whiskers are marked as individual points. The targeted range of
assigned values with +1and 2 times the targeted uncertainty of 5% (D), 10% (o), 20% (), 20% (c) are indicated
(dashed and solid green lines, respectively).
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6.2 Uncertainty evaluation

Different sources of uncertainty contribute to the uncertainty of each measurand and were taken into account.
The sources of uncertainties (homogeneity, repeatability, stability and bias) and the way of calculating the corre-
sponding contributions are listed and explained in Table 6. The uncertainty estimates (uyp, Upep, Urts aNd Upigs)
have been derived from the experiments as described above and displayed in Figure 9. It can be seen that uy, is
the smallest and uy is the largest contribution. This finding can be considered typical for nanoparticles in disper-
sion originating from a uniform batch. The high Brownian motion of the nanoparticles ensures a homogeneous
mixture of the batch. On the other hand, the Brownian motion of the sub-10 nm particles ensures a high colli-
sion rate with each other and the walls of the bottles, producing the danger of aggregation and deposition on the
wall. The relative uncertainties of the measurands are plotted in Figure 10 for a better overview. The combined
uncertainties were calculated as

1/2
Ue = (ugb + u72"ep + ul2ts + ugias) / (54)

Application of eq. (54) provides u.-values of 3.8% (D), 71% (o), 11.3% (N) and 12.3% (c), which are all substantially
below the respective target values of 5%, 10%, 20% and 20% (see Table 7 and Figure 10). The expanded uncer-
tainties, calculated as U = k X u, with an expansion factor of k=2, are also provided in Table 7. These U-values

are part of the BAM-NQOS certificate.

Table 6: Uncertainty contributions and their estimation.

Source Symbol  Meaning and estimation

Homogeneity contribution from the homogeneity study

Homogeneity  upp as described in chapter 3

Repeatability of a single measurement derived from the ANOVA analysis

Repeatability  wrep as the average repeatability of the full set of measurements (see chapter 3)

Estimate of a contribution due to possible changes of the measurands

Stability Uits derived from the long-term stability study as described in chapter 4.2

The greater of Upiqs,1 aNd Ubias,2. Ubias,1 1S the difference of the comparison
Bias Ubias with the gold standard reference material SRM 8011 (see section 7). Upiqs,2 1S
the difference of the comparison with instrument two (see section 5.2.4).
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Table 7: Values of the uncertainty contributions, combined uncertainties, and expanded uncertainties.

Diameter Size distribution Number Concentration
width density
Parameter D o N c
(Unit) (nm) (nm) (10=%mol I71) (gcm™3)
Value 5.8 1.33 3.7 3.0

Uncertainty contributions

Homogeneity, uy,  0.03 (0.6%) 0.00 (0.0%)

0.05 (1.4%)

0.00 (0.0%)

Repeatability, u,ep, 013 (2.2%) 0.05 (4.0%) 0.15 (3.9%) 0.04 (1.5%)
Stability uys 0.14 (2.5%) 0.06 (4.6%) 0.21(5.5%) 0.08 (2.7%)
Bias, upias 0.1 (1.9%) 0.03 (2.4%) 0.23 (6.1%) 0.24 (7.8%)
Combined uncertainties
Ue 0.22 (3.9%) 0.09 (6.6%) 0.34 (9.2%) 0.25 (8.3%)
Expanded uncertainties
U 0.5 (9%) 0.18 (14%) 0.7 (19%) 0.5 (17%)
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Figure 9: Uncertainty contributions (upp, Urep, Uits, Ubies) and the combined uncertainties u, for diameter D, size
distribution width o, number density N and concentration c.
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Figure 10: Overview on the relative uncertainty contributions (uyp, Urep, Ults, Upiqs) and the combined uncertainties
u. of diameter D, size distribution width o, number density N and concentration c.
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7 Metrological traceability

The four measurands under consideration in this study are from theory all traceable to SI units. But in this work,
traceability will be limited to particle diameter. Direct traceability of the diameter can be established to SRM 8011,
which is a certified reference material from NIST consisting of gold nanoparticles in water [27]. Its certified diame-
teris Drmson = (8.5 + 0.4) nm. Data on the size distribution width of SRM 8011is available from literature [23]. The
reported polydispersity value of 7% allows an estimate of the size distribution width of opmgen = (0.6 £ 0.2) nm.
But traceability has not been proven for ormgon, N and c.

Five samples of RM 8011 were measured with instrument one using the same measurement conditions and
followed by the same model data evaluation as applied for the silver nanomaterial. The resulting model curve fits
provide estimates of D, o, N and c. An overview of the parameter values is provided in Figure 11. A performance
statistics was applied for comparison with the reference values in terms of normalized errors (En-values) according

to 1S0 17043 [28]. The normalized errors were calculated as

-X
Ep= o (55)

\/ Uly + U2,
The x is the measured result, X is the assigned value, Uy, is the combined expanded uncertainty of a measured
result and U,..s is the combined expanded uncertainty of the reference value. A normalized error of |E,| < 1.0
indicates "satisfactory” performance while |E,,| > 1.0 indicates "unsatisfactory” performance. The results of
the single measurements of NIST SRM 8011 provide | E,,|-values in the range of 0.07 to 0.36, i.e., they are well
below 1 for all measurands which proofs that measured and certified values are fully consistent (see Table 8).
This indicates a "satisfactory” performance and the absence of outliers. Next, the measured values were pooled,
and the resultant experimental mean values of the measurands were compared with the reference values as also
shown in Table 8. The results for RM 8011 provide a contribution to the uncertainty of the measurands of the
silver nanoparticles in the form of a remaining bias, upiqes,1. The upiqes,1 i estimated as the difference between
the reference values and measured values. As can be seen in Table 8, the relative values of up;qs,1 1S 0.9% for
D. These relative upiqs,1-value is included in the total uncertainty budget. The above calibration against the
NIST reference material SRM 8011 confirms the correctness of the SAXS measurements from which the D, s,
N and ¢ were calculated using the physical model of non-interacting homogeneous spheres. Given the above,
it is reasonable to conclude that the values for the parameter D of BAM-NOQOS is traceable to the S| under the

assumptions of the model used.
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Table 8: Parameters determined experimentally for gold standard reference material SRM 8011in comparison with
the reference values. Normalized errors (E,-values) of < 1 proof “satisfactory” performances. Difference between
reference values and measured values are listed as bias-values upias1 , i.€., the uncertainty contributions due to
evaluation with SRM 8011.

Property Unit  Reference Value Measured Value Difference En Upias1 (%)
D nm 8.50x10° + 4.00x10~"  8.66x10% + 3.41x10~3 0.16 (1.93%) 0.21 0.967

o nm 6.00x1071+2.00x10~" 6.29x107" +3.54%x10™*  0.029 (4.86%) 0.073 243

N cm—3  7.08x10112 £113x1012 794x1012 £1.20x1010  8.6x10T" (12.21%) 0.38 6.1

c g™l 516x107°+2.64x107® 535x107°+8.00x10"% 19x107%(3.74%) 036 187
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Figure 11: Measured parameters for the gold standard reference material SRM 8011 (black circles). The reference
values for D, o, N and c are provided with uncertainties of one and two standard deviations (red and blue error
bars).
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8 Information on the proper use of the RM

8.1 Recommended use

The intended purpose of BAM-NOQ8 is the verification of analytical results obtained for determination of diameter,
size distribution width, number density and mass concentration of nanoparticles in dispersion. Preferably, for
quality control of particle size analysis with the SAXS method according to IS0 17867 [1]. In addition, this reference
material should open also the possibility to study technical processes like catalysis or biomedical processes directly

in living objects [29, 30, 31].

8.2 Transport, storage and handling

BAM-NQOO8 can be shipped at ambient temperature. Upon receipt, the material should be stored in the dark at a
temperature of (20+3) °C in its original tightly closed bottle. When handling the sample, the bottle shall be left
unclosed as short as possible. BAM cannot be held responsible for changes that happen during storage of the
material at the customer’s premises, especially of opened samples. The material should be used as it is from the
bottle. However, before taking a sample, homogenization by manually shaking the closed bottle for 20 seconds is

strongly recommended.

8.3 Shelf-life

The initial stability study after storage of selected units indicate an increase of the certified properties. Therefore,
starting with dispatch of the material from BAM, the validity of the certificate expires after 12 months. Post-

certification measurements will be conducted in appropriate periods to keep this information up to date.

8.4 Safetyinformation

The usual laboratory safety precautions for handling liquids have to be applied. No hazardous effects are to be
expected when the material is used under conditions commonly adopted for the analysis of samples containing
aqueous dispersions of nanoparticles. It is strongly recommended handling and disposing the reference material

in accordance with the guidelines for hazardous materials legally in force at the site of end use and disposal.

8.5 Legal notice

Neither BAM, its contractors nor any person acting on their behalf:
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(a.) make any warranty or representation, express or implied, that the use of any information, material, ap-
paratus, method or process disclosed in this document does not infringe any privately owned intellectual

property rights; or

(b.) assume any liability with respect to, or for damages resulting from, the use of any information, material,

apparatus, method or process disclosed in this document.

9 Information on and purchase of the RM

The reference material BAM-NOQS is supplied by

Bundesanstalt fiir Materialforschung und -priifung (BAM)

Unter den Eichen 87

12205 Berlin, Germany

Orders can be placed at www.webshop.bam.de

Each sample of BAM-NOO8 will be distributed together with a detailed certificate containing the parameter values
and their uncertainties, the mean values and standard deviations of all accepted data sets and information on the
analytical methods used.

Information on BAM reference materials are available from BAM at https://www.bam.de.
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Annexes

Information on the software used

Data processing and analysis was implemented and run with programming language Pythonin version 3.8.5 for 64

bit on Windows 10 (available at the website https://www.python.org). The Python modules SciPy (version 1.6.3,

https://scipy.org), NumPy (119.2, https://numpy.org), pandas (1.1.3, https://pandas.pydata.org), Matplotlib (3.4.3,

https://matplotlib.org) were used for calculations. JupyterLab (Version 2.2.6, https://jupyter.org) was used as user

interface. The document was produced with LaTeX using Overleaf as a LaTeX editor (see https://overleaf.com).
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